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Summary

This thesis concerns the use of solar energy in energy efficient buildings. More precisely, the
topic is photovoltaic-thermal (PV/T) solar energy systems, and how these can be used to
provide renewable energy in zero emission buildings. PV/T modules are a hybrid between
photovoltaic (PV) modules and solar thermal collectors, and therefore generate electricity and
thermal energy simultaneously. The objective of the thesis was to investigate the potential of
PV/T systems to minimize the life cycle greenhouse gas emissions of a residential building.

The building sector accounts for around one third of the global energy use and about half of the
electricity use, and is therefore a key area to focus on in the effort to mitigate climate change
and to create more sustainable societies in the future. The environmental impact of buildings
need to be lowered by reducing the energy demand during construction and operation, but also
by replacing polluting energy sources with renewable ones. The European Union has demanded
of its member states that all new buildings shall be nearly zero energy buildings by 2020.

Solar energy is well-suited to use in buildings, and can supply electricity, lighting, heating, and
cooling. Once installed, a solar energy system supplies energy without pollution, is silent, have
few or no moving parts, and can also be integrated into the building itself. In order to do
investigate how PV/T systems can best be used in buildings to minimize life cycle emissions,
the systems have been studied both in terms of energy performance and in terms of greenhouse
gas emissions.

The main research method in this thesis has been simulation of solar energy systems in
buildings. Using simulations, PV/T systems have been compared to other solar energy systems
with separate PV modules and solar thermal collectors. The simulation studies were performed
in the simulation programs Polysun and PVsyst, and were based on commercial solar energy
products available on the current market. The use of heat pumps, air-source and ground-source,
in combination with solar energy systems was also studied.

Two case buildings, the ZEB residential concept and the Living Lab, have been used in the
simulation studies. The buildings are two of the pilot buildings of the Norwegian Research
Centre for Zero Emission Buildings (the ZEB Centre). Both buildings are single family
residential buildings located in Central or Southern Norway, and are designed to meet the
Norwegian passive house requirements.

The embodied emissions of the solar energy systems were determined using elements of life
cycle assessments (LCA). A review of previous research found few studies of the environmental
impact of PV/T modules, especially using industrially produced modules. The embodied
emissions of such a PV/T module was therefore determined in this thesis, based on a
combination of data from databases and information from module producers. The embodied
emissions of the case buildings and the other solar energy systems studied were determined
using a combination of databases and previously published research in the ZEB Centre.



The results show that PV/T systems can be a good renewable energy solution for energy
efficient buildings, but that their performance is highly dependent on how the system is
designed and what control strategies are used. The simulations showed that the systems with
PV/T modules typically had higher primary output per unit area than the systems with separate
PV modules and solar energy collectors, but that this also depended on how the solar energy
systems were designed. However, due to a higher use of electricity to run e.g. circulation pumps,
the energy balance of the whole building was not improved compared to systems with separate
solar technologies.

The thermal output of PV/T systems are typically of a lower temperature than that of solar
thermal collectors, and the technology should therefore be used in energy systems where low
temperature heat is valuable. The combination of PV/T modules and ground source heat pumps
showed potential to increase the efficiency of a building’s energy system compared to other
solar energy technologies, especially when PV/T modules were installed on the source side of
the heat pump. However, the studies also showed that it is a complex task to design such as
system, and the energy demand required to operate it can easily be higher than the gains. No
clear benefit from cooling of PV/T modules were found in the simulations in this thesis.

In terms of emissions, no benefit of PV/T modules was found in the case studies. The generic
PV/T module which was modelled had around 30% higher embodied emissions than a
comparable PV module, and the increase in energy output from the PV/T module was not high
enough to allow for this. It was in general found to be quite difficult to reach a net zero emission
balance for a building, at least if embodied emissions of materials were included. A large solar
energy installation was necessary to reach a balance, which sometimes resulted in non-optimal
system designs. Nearly zero emission buildings, or zero emission neighbourhoods, might be a
more feasible goal for new buildings.

Even though all of the studied solar energy systems were found to be the source of a high share
of the total embodied emissions of a building, they also contributed to a large reduction in
greenhouse gas emissions over their lifetime. That is, solar energy installations, PV/T systems
included, contribute to reduced emissions also in a Scandinavian climate.
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Chapter 1: Introduction

1.1 Introduction

This thesis concerns the use of solar energy in energy efficient buildings. More precisely, the
topic is photovoltaic-thermal (PV/T) solar energy systems, and how these can be used to
provide renewable energy in zero emission buildings.

PV/T modules are a hybrid between photovoltaic (PV) modules, which generate electricity, and
solar thermal collectors, which generate heat. PV/T modules therefore generate energy in two
forms (electricity and thermal energy) simultaneously. As a result of this, the planning and
installation of such systems can be more complex than that of separate PV or solar thermal
systems. Even though a PV/T module is a hybrid of two technologies, the combined
characteristics are different from that of the two parts. It therefore needs to be treated as a
complete technology in itself, and practices or principles that apply to the separate technologies
cannot be used directly when working with the design of PV/T systems.

There are several types of PV/T modules and systems, but the focus of the work presented in
this thesis is flat-plate PV/T modules with a liquid heat transfer medium. This type of PV/T
technology is the one that is most similar to standard PV modules and flat plate solar collectors
used today. The objective of the thesis has not been to develop new technologies or solutions,
but to evaluate how existing technology can be used in the most efficient way. The decision to
focus on flat plate PV/T is based on the maturity of this technology relative to other PV/T
technologies, and its similarity to existing solar energy systems in Europe.

The specific focus of the work presented in this thesis is the use of PV/T technology in zero
emission buildings. In such a building, a zero emission balance is reached between greenhouse
gas emissions that are associated with the construction, operation, and demolition of the
building on one side, and on the other side greenhouse gas emissions that are avoided by the
use of locally generated renewable energy instead of more polluting forms of energy. In order
to calculate the emission balance, it is necessary to perform a detailed analysis of the
environmental impact of the building, including the materials and construction as well as the
use phase. In this thesis, the focus is on greenhouse gas emissions, measured in carbon dioxide
equivalents (COaeq).

In addition to the analysis of the building itself, or rather as a part of it, it is necessary to perform
an environmental impact analysis of the energy system. Solar energy systems, in particular
those using silicon solar cells, are relatively energy-demanding to produce, and therefore have
a high environmental impact in terms of embodied emissions. There is a quite large number of
extensive studies of the environmental impact of PV technology. However, the environmental
impact of PV/T technology has been the focus of few studies so far, and those that do exist are
mostly concerned with laboratory or custom-made systems.

The building sector accounts for around one third of the global energy use, and about half of
the electricity use. It is also responsible for around a third of the global greenhouse gas
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emissions [1]. The Intergovernmental Panel on Climate Change (IPCC) has now established
beyond all doubt that greenhouse gas emissions caused by human activities are the main driver
for climate change [2]. The building sector is consequently a key area to focus on in the ongoing
effort to mitigate climate change, and to create more sustainable societies in the future.

Two paths need to be followed in order to reduce the environmental impact of the building
sector: reducing the energy demand in construction and operation of buildings, and replacing
polluting energy sources with renewable energy sources. On a European level, the European
Union (EU) has put pressure on its member states to transform the building sector. In its recast
of the Energy Performance of Buildings Directive (EPBD), the EU has directed its member
states to ensure that by 2020, all new buildings shall be nearly zero energy buildings [3]. A
nearly zero energy building is described as:

“a building that has a very high energy performance, [---]. The nearly zero or very low amount
of energy required should be covered to a very significant extent by energy from renewable
sources, including energy from renewable sources produced on-site or nearby”

The EU member states and associated countries are commissioned to establish their own
definitions of a nearly zero energy building, as well as plans for how to reach the target. In
Norway, which is an associated country to the EU, the energy performance of buildings is
regulated through the Technical Building Regulations (Byggteknisk forskrift, TEK) [4]. In the
latest update of the regulations (TEK10, 12.11.2015) the energy efficiency requirement is at
passive house level, and is set to be further tightened until a nearly zero energy building level
is reached by 2020 [5].

Solar energy is well-suited to use in buildings. Passive solar energy provides lighting and
heating through windows and the building envelope. Active solar energy systems can supply
electricity, heating, and cooling to buildings. Once installed, a solar energy system will supply
energy without any pollution and requires minimal maintenance. In addition, solar energy
systems are silent, have few or no moving parts, and can be fully integrated into the building
itself.

Buildings require electricity, heating, and sometimes cooling. In buildings with ambitious
energy targets, solar thermal and photovoltaic installations may need to “compete for” the
available space on the buildings’ roofs and fagades. Since both electricity and heat is generated
in a PV/T module, it is a technology which is particularly interesting for building use. Another
argument that is used in favour of PV/T modules is architectural uniformity of PV/T modules
compared to using PV modules and solar thermal collectors side by side. The possibility of a
reduction in the use of materials is also sometimes mentioned as a benefit of PV/T modules,
and the validity of this statement is the topic of Chapter 6 in this thesis.

Earlier studies have shown that the emissions associated with materials and construction, the
so called embodied emissions, make up around half of the total emissions of an energy efficient
building [6]. The studies also showed that solar energy system, in particular solar cells, can
account for around a third of the embodied emissions [6-8]. It is therefore of great importance



to try to reduce the environmental burden of solar energy systems through design and material
choices, but also to make sure that existing systems perform well and get proper maintenance.

1.2 Research design

1.2.1 Research questions

The focus of the work presented in this thesis has been to investigate whether or not PV/T
systems are a good solution for providing renewable energy to zero emissions buildings, and in
that case how the systems should be designed. The objective is described by one main research
question and three sub-questions.

Main research question: What is the potential of PV/T systems to minimize the life cycle
greenhouse gas emissions of a residential building?

Sub-questions:
a) How should PV/T technology be used in buildings to achieve high energy output and
good load coverage?
b) How does the energy performance of PV/T systems compare to that of separate PV and
solar thermal systems?
¢) How does the environmental impact of PV/T systems compare to that of separate PV
and solar thermal systems?

Sub-question a) deals with how PV/T systems should be designed to reach their full potential,
and how PV/T can be combined with other technologies. A large part of the focus in this thesis
is set on the combination of PV/T modules and heat pumps of different types. System design
with a focus on Northern European climate is also discussed. Load coverage refers to the match
between the availability of and demand for energy.

Sub-question b) relates to the question of whether it is better, from an energy perspective, to
use the hybrid technology or the two constituent technologies separately. There are a number
of different options within all three technologies (PV, solar thermal and PV/T), as well as
countless ways of designing a system. In addition, the energy performance, especially of
thermal systems, requires that the load profile is taken into account. For these reasons, this
question is not covered in its full extent in this thesis, but studied by way of case studies. The
limitations on the analysis are described in the next section.

Sub-question c¢) focuses on the environmental impact of solar energy technologies. As
mentioned in the introduction, the possibility of saving materials (and thereby reducing
embodied emissions) is mentioned as a benefit of the hybrid PV/T technology compared to the
two separate technologies. Similar benefits are also mentioned for building integration of solar
energy systems. One of the objectives of this thesis is to analyse and quantify the environmental
impact of different solar energy systems in buildings, in order to establish whether there are
possible environmental benefits.



1.2.2 Limitations

PV/T technology and energy efficient buildings are both large research topics in their own right.
In order to limit the work to the timeframe of a PhD project, the following limitations are
introduced:

1. Only flat plate PV/T technology with liquid heat transfer is studied.

2. Only small residential buildings in Scandinavian climate are studied.

3. The environmental impact is assessed only through greenhouse gas emissions, using the
global warming potential at 100 years (GWP100), as defined by IPCC [9].

4. Economic analyses are not included.

1.2.3 Structure of the thesis
This thesis is divided into seven main chapters:

Chapter 1: Introduction

Chapter 2: Background

Chapter 3: PV/T technology and applications

Chapter 4: Design of PV/T systems

Chapter 5: Energy performance of PV/T systems in buildings
Chapter 6: Environmental impact of PV/T systems

Chapter 7: Conclusions

Chapter 1 (the present chapter) introduces the topic, the research questions, and the research
method.

Chapter 2 starts with an introduction to solar energy technology in general. This is followed by
a brief description of the development of energy efficient buildings, as well as an overview of
different concepts and calculation methods. The use of solar energy in buildings is also
discussed in this chapter. Furthermore, the concept of life cycle assessments (LCA) is
introduced in this chapter.

Chapter 3 provides an overview of previous research on PV/T technology, and the different
types of PV/T modules. Applications of PV/T technology is also discussed, with a special focus
on buildings. This chapter also includes a brief overview of the PV/T market.

In Chapter 4, an attempt is made to answer research question a), by evaluating how PV/T
systems should be designed. The chapter also deals with how PV/T modules can be combined
with other energy sources, in particular with heat pumps.

Research question b) is the focus of Chapter 5, where the energy performance of PV/T modules
is studied. PV/T systems are compared to systems with separate PV modules and solar thermal
collectors for two Norwegian residential case buildings.

Chapter 6 focuses on research question c). The embodied energy and emissions of PV/T
modules and systems are evaluated and compared to that of PV modules and solar collectors.
In addition, the influence of system design on the emission balance of a building is studied.



The thesis is concluded by Chapter 7, with a summary of the results, conclusions, and
suggestions for further work.

1.2.4 Papers

The main part of this thesis is based on research which has been published at conferences and
in scientific journal publications. The papers are presented in full in Appendix B, and
summarized below.

Paper |

Good, C., Chen, J., Dai, Y., & Hestnes, A. G. (2015). Hybrid Photovoltaic-thermal Systems in
Buildings — A Review. Presented at SHC Conference 2014 in Beijing and published in Energy
Procedia

Paper I provides an overview of how PV/T installations have been used in buildings. It is based
on a review of scientific literature, case studies, and direct communication with module
manufacturers. Paper I is the basis for Section 3.2 of this thesis.

Paper Il

Good, C., Andresen, 1., & Hestnes, A. G. (2015). Solar energy for net zero energy buildings —
A comparison between solar thermal, PV and photovoltaic—thermal (PV/T) systems. Presented
at CISBAT 2015, Lausanne, Switzerland and published in Solar Energy.

Paper II presents a simulation study of different types of solar energy systems on a case building
(the ZEB residential concept). The objective of the study was to compare the energy
performance of PV/T systems with that of systems with PV modules and solar thermal
collectors. Paper Il is the basis for Section 5.2 of the thesis.

Paper Il

Good, C. (2013). Influence of system lifetime on environmental impact assessments of
photovoltaic systems in buildings. Presented at the Young Researcher Forum at CESB13,
Prague.

Paper III is focused on the environmental impact of PV modules, in particular how it is
influenced by the assumptions regarding module lifetime. The paper also discusses how and
why PV modules fail, and how this has been studied. The results from this paper are not
specifically referred to in the thesis, but have been used as part of the background material for
Chapter 6.

Paper IV
Good, C. (2016). Environmental impact assessments of hybrid photovoltaic—thermal (PV/T)
systems — A review. Published in Renewable and Sustainable Energy Reviews.

Paper 1V is a review of previous research on the environmental impact of PV/T modules and
systems. The results from the review are presented in Section 6.1.2 and used as a background
for the rest of the work in Chapter 6.



Paper V

Good, C., Kristjansdottir, T. F., Houlihan Wiberg, A., Georges, L., & Hestnes, A. G. (2015).
Influence of PV technology and system design on the emission balance of a net zero emission
building concept. Published in Solar Energy and previously presented at Eurosun 2014, Aix-
les-Bains, France, with the title “A comparative study of different PV installations for a
Norwegian net zero emission building concept.”

Paper V presents a study of how the design of a PV system influences the emission balance of
the building on which it is installed, using the ZEB residential concept as a case. The objective
was to find the best compromise between low embodied emissions and high energy output, that
is, how a PV system should be designed to have the highest possible positive environmental
impact. The work in this paper is presented in Section 6.3.

Paper VI

Kristjansdottir, T.F., Good, C., Inman, M.R., Dahl Schlanbusch, R., Andresen, I (2016).
Embodied greenhouse gas emissions from PV systems in Norwegian residential Zero
Emission Pilot Buildings. Published in Solar Energy.

Paper VI presents a study of the embodied emissions of three different PV systems on three of
the ZEB Centre’s pilot buildings. Significant attention is given to the parts of the system other
than the PV modules themselves (the so-called BOS), and the results show that the choice of
components for the BOS has a large influence on the system’s environmental impact. My
contribution to this paper has been mostly related to energy simulations, but also to the
discussion and general structure of the study. The work presented in this paper has been used
as background and input to the analyses in Section 5.3 and Section 6.4, which are focused on
one of the three case buildings presented in the paper (the Living Lab).

The research presented in Section 5.3, Section 6.2, and Section 6.4 is not yet published. Papers
based on this research will be submitted for publications after the submission of the thesis.

1.3 Research methods

1.3.1 Literature review

Literature review was used to investigate the state of the art of PV/T technology, as well as the
use of PV/T systems in buildings. This review is presented in Paper I, and discussed further in
Chapter 3. In addition to scientific publications, the review relied on case studies from PV/T
producers and installers, as well as direct communication with companies.

A literature review was also conducted as a background for the calculations of the
environmental impact of PV/T modules. This review is presented in Paper IV and discussed in
Chapter 6.

1.3.2 Case study

A large part of the work presented in this thesis is based on case studies of two of the pilot
buildings of the Norwegian Research Centre on Zero Emission Buildings (the ZEB Centre).
The two cases are the ZEB residential concept building and the Living Lab. The case buildings
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are described in Section 5.2 and Section 5.3. Both buildings are small detached houses, new
constructions and located in similar climate in Central and Southern Norway. An important
difference between the two cases is that the ZEB residential concept is only a model of a
building, while the Living Lab is an actual, constructed building. In addition, the ZEB
residential concept has a significantly larger floor area than the Living Lab (160 m? compared
to 102 m?).

Benefits of using cases studies include that the energy systems can be studied with
predetermined boundary conditions, and that the results of the studies can be related to a real
case. A particular benefit of using two of the ZEB Centre’s pilot buildings is that they have
been (and will be) the subject of several other studies, which means that there is a significant
amount of data to build on. Important earlier studies of the two case buildings, that the present
analyses build on, are energy performance analyses [6, 10] and environmental impact
assessments [11, 12].

A disadvantage of using case studies is that the results have limited validity for other cases,
especially buildings that are not similar to the presented cases. This study does not include a
wide variety of cases or building types, and it is therefore not possible to draw any statistical
conclusions based on the results of only two studies.

As mentioned in Section 1.2.2, the focus of the thesis is only on small residential buildings. In
Norway, 72% of dwellings' are in small houses with four or fewer dwellings. There is, however,
a large difference between the urban and rural regions; in the three largest Norwegian cities
(Oslo, Bergen, and Trondheim), below 30% of the inhabitants live in detached houses. There is
also an increase in the number of dwellings in blocks of flats. In the whole country, 65% of the
detached buildings has a floor space between 80 m?> and 200 m?, although there are large
regional differences. [13] Considering these statistics, the two case buildings are representative
for a large share of the Norwegian building stock. Both the case buildings are also located in
Central and Southern Norway, similarly to 90% of the existing dwellings in the country, and to
88% of the detached houses.

Both the two case buildings are new building projects, representing the current state of the art
in both building technology and building regulations in Norway. Statistical data for the last 15
years show that the increase in the number of small houses with one to two dwellings has
generally been less than 1% per year [13]. New buildings clearly represent a small fraction of
the building stock. However, since this is thesis focused on how to use solar energy systems in
the best possible way, the use of new constructions without any restraints regarding systems
design is considered to be appropriate. It is, however, worth pointing out that refurbishment of
existing buildings is very important in order to reduce the energy consumption of the building
stock, in Norway as well as in the rest of Europe. The results from the case studies in this thesis
can also be applied to the installation of solar energy systems in existing buildings.

! A dwelling is here defined as a conventional dwelling with at least one room and kitchen, while a building refers
to a physical built structure. A building can contain several dwellings.
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1.3.3 Energy simulations
The work presented in this thesis relies to a large extent on simulations of energy performance
of solar energy systems as well as of the two case buildings.

1.3.3.1 Polysun

The simulation program Polysun from Vela Solaris [14] has been used for the energy
performance simulations in Paper II, which is described in Section 5.2, and also in Section 5.3
and Section 6.4. Polysun is a dynamic simulation tool for thermal and electric solar energy
solutions systems, as well as for various hydronic systems such as heat pumps and district
heating.

Polysun includes an extensive model database of systems and commercial products, including
PV/T modules. The choice of Polysun above other simulation tools was partly based on the
existence of this database. Many published simulation studies of solar thermal and PV/T
systems use the simulation program TRNSY'S [15], which was also initially considered for this
thesis. TRNSYS is a simulation tool for transient simulations and mostly used to assess the
performance of thermal and electrical energy systems. It is also possible make detailed
simulations of a building, and to connect it to a CAD model. The main reason that Polysun was
chosen for the simulations in this thesis was the ease and reliability with which PV/T modules
could be modelled and simulated. There are several types (models) for PV/T modules in
TRNSYS, but they require information which is not commonly available from commercial
producers. The models in Polysun are based on parameters that are defined according to
European and American standards, and therefore found in producer datasheets.

Polysun calculates the energy output of PV modules using the Beyer model [16]. In this model,
the energy output of a PV module is calculated based on the following inputs [17]:

e 3 efficiency readings for the module at different irradiance
e 3 efficiency readings for the inverter with different loads
e The installed power

e The module’s temperature coefficient

An efficiency curve can be created from these inputs, and the energy output at any combination
of irradiance and temperature is calculated.

The solar thermal performance is calculated in Polysun according to the European standard EN
ISO 98062 [18]. The main input parameters are the absorber area, efficiency rate parameters (as
specified in the standard), the IAM (incidence angle modifier) values KCHI and KCH2, and
the specific heat capacity of the collector. The efficiency rate parameters are different for
covered and uncovered collectors, where the latter type requires one additional parameter
related to wind dependent losses. [17]

2 EN ISO 9806:2013 supersedes EN 12975-2:2006, which is referred to in the Polysun User Manual.
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The electric and thermal simulations of PV/T modules in Polysun are performed with a
combination of the two methods described above. Covered as well as uncovered collectors can
be modelled.

According to Vela Solaris, results of the PV/T simulations have been compared to measured
values from Meyer Burger in Switzerland and a project is also started with Fraunhofer ISE and
Solarzentrum Allgdu Germany. So far the simulated values are found to be close to the
measured ones, but slightly underestimating the energy output (thermal and electric). This is
possibly due to the use of one module temperature for the whole module independent of the
module layout. [19]

The building simulations in Polysun are not very detailed. Polysun includes two main options
for simulating the heating and cooling need of a building: it can either be simulated based on a
number of parameters (such as area, U-value, and ventilation rate), or based on the annual power
or energy demand. In both cases, an hourly heating profile is created based on the local weather
data. The second method is used in both the two case studies analysed here. Data of the annual
heating demand is sourced from previous publications. Since the analyses in the thesis have
focused on the solar energy systems, and not the buildings, the use of this simplified method
for building simulation is considered acceptable. In addition, the results of the simulations of
different buildings are not compared to each other, but only to other versions of the same
building.

The energy demand for domestic hot water (DHW) and electricity is analysed in a similar way,
namely by using a total annual value which is scaled by a profile. A DHW profile for a single
family residential building and a residential electricity profile (both internal in Polysun) were
used in the simulation of case building 1, while DHW and electricity profiles from the
Norwegian standard NS 3031 [20] was used for case building 2. The use of different profiles is
due to a development in the research methodology during the course of the project. The values
from NS 3031 are considered to be more appropriate for Norwegian conditions.

The load profiles for heating as well as electricity are of importance for the end result. The
domestic hot water profile, and to a lesser extent the space heating profile, determine whether
solar thermal energy is needed or not, which in turn influences the energy yield of the system.
If there is no present need for space heating or domestic hot water, and the storage tank is fully
charged, solar heating from the collectors cannot be utilized and is “lost”. The electricity load
profiles determine whether the electricity output from the solar energy systems is used directly
or exported. The electricity profile is of importance in the calculations of net energy demand,
if the delivered/exported balance calculations are used (see Section 2.2.1). The profiles are also
of importance if different weighting factors are used for exported and delivered electricity, or
if the weighting factors vary with time. The latter was outside of the scope of this thesis.

The shading analysis is a weakness in Polysun. Shading can only be modelled in a two-
dimensional way, composed of a horizon line and shading from simple objects. The program
also includes a function for “row-to-row” shading of modules. In this function, however, all
rows in a system — also the front row — are given the same shading profile. In the case of the



Living Lab, this means that both parts of the roof will be simulated with the same shading
profile (see Section 5.3). Shading of solar energy systems is further discussed in Chapter 4.

1.3.3.2 PVsyst

Papers V and VI are concerned only with electricity output from PV modules, and no thermal
output. The simulation tool PVsyst [21], which is dedicated to simulations of PV systems, is
used in the analyses in these papers. The simulations in PVsyst are focused only on PV system,
and no thermal components can be simulated. It is possible to simulate both grid-connected and
stand-alone PV systems. The simulation results can be given in monthly, daily and hourly data.

The PV simulations in PVsyst are more detailed than those in Polysun, and are based on a
theoretical model rather than curve fitting from measured values. Measured values are,
however, also used in the PV model in PVsyst to model actual modules. PVsyst uses the one-
diode model developed by Shockley and described by for example Duffie and Beckman [22].
An adjusted version of the model is used to simulate thin film solar cells. In addition to the
irradiance and temperature, this model takes into account the series and shunt resistance of the
solar cells, the photocurrent, the inverse saturation current, and the diode quality factor. [23]

PVsyst is one of the most commonly used simulation programs for analyses of PV systems.
The program also includes a very large database of PV modules and inverters, and data can be
easily imported from the PV industry database in Photon magazine for up to date information.
The program also makes it easy to import meteorological data from different sources. PVsyst
does not include building simulations, but an electricity use profile can be included in the
simulations in order to study grid interaction or load match.

The shading calculations in PVsyst are superior to those in Polysun. In PVsyst, it is possible to
model complex 3D scenes, composed of a horizon line and near shadings, where the effect on
different surfaces can be modelled throughout the year. It is therefore no problem to model
systems with multiple orientations. The program also makes it possible to evaluate the impact
of shading on PV systems with different string layouts.

1.3.3.3 Uncertainties

The result of the simulations should ideally have been compared with measured data in order
to validate the results. However, since the first case study is not constructed and the second one
just recently completed it has not been possible to compare the results of the case studies. This
applies both to the energy performance of the building and to the solar energy installations.
There are so far no installations of PV/T systems in Norway to which the results could have
been compared.

Another weakness is the quality of solar irradiation data in Norway. Solar resource data is
commonly based on different combinations of satellite data and ground measurements. The
satellite data is usually from geostationary satellites (in orbit above the equator) which have
lower accuracy at high latitudes [24]. Meteonorm data, which is used in the simulations in this
thesis, is based on a combination of satellite data and three ground stations in Norway (Bergen,
Bode and Tromse) [24]. Data for any location other than these three is interpolated. At higher
latitudes Meteonorm data is reported to have uncertainty levels up to 10% [25].
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1.3.4 Comparative analysis

A main part of the research has been conducted through comparative analysis of different
technologies on the two case buildings. This method was chosen early because of the way PV/T
was developed and is often described: as a hybrid of two other technologies, namely
photovoltaic (solar cells) and solar thermal, which could be installed instead of these
technologies. A natural question was therefore to ask: is PV/T better than the system it would
replace? The answer to this question is of importance for example to architects and engineers
in the planning stages of a new building project, or for a building owner considering a
refurbishment. The systems are here only compared to other systems on the same building, that
is, there is not comparison between the two buildings.

In hindsight, the focus on comparative analysis might have been an impediment to some aspects
of the study. This is due to two factors in particular. Firstly, that PV/T would not always replace
another solar technology, which raises the question of what the comparison should actually
focus on. An increasingly common approach is to install PV/T in combination with a ground
source heat pump, in which case the alternative might have been to install the heat pump only,
the heat pump in combination with solar thermal collectors, or other renewable or non-
renewable energy systems. Secondly, that the effort to design comparable systems to analyse
sometimes result in sub-optimisations, for example of dimensioning or orientation. In addition,
it is not obvious where to draw the system boundary in a comparison between a PV system and
a PV/T system, since the latter also require some hydronic components, which would not be
required in the former.

Comparative analyses in different forms are, however, often found in previously published
research on PV/T systems. The performance of PV/T systems are often compared to PV and
solar thermal systems, or only PV systems [26-30]. The combination of PV/T modules and
ground source heat pumps are compared to systems with only ground source heat pumps, direct
grid electricity, or ground source heat pumps and other solar technologies [31-35]. Comparative
analyses are also used to evaluate the environmental impact of PV/T modules, where they are
compared to PV modules, direct use of grid electricity, or gas boilers [36-39]. Building on
previous research, it therefore seemed sensible to employ a comparative analysis also in this
thesis. As mentioned, a comparative approach will also be of importance in building design
processes, where the choice of energy systems will be based on comparative analyses of energy
performance, economy, and possibly environmental issues.

Two different dimensioning approaches were used in the analyses in this thesis. In the first case
study (ZEB residential concept), the roof area was set as the boundary condition for the
installation. Both covered and uncovered PV/T modules were used. The relative area of the
thermal components in the different systems was varied in order to achieve the same thermal
solar fraction during summer. In the second case (the Living Lab), which is an actual building,
the compared systems were based on the existing installation. The compared solar energy
systems in this case study were allowed to differ in size since this made most sense considering
the architectural design of the particular building. Only uncovered PV/T modules, which are
relatively similar to PV modules, were used in this case study. Since uncovered PV/T modules
favour the electricity output over the thermal output, the PV/T system was restricted to the area
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of the original PV system. The difference between covered and uncovered PV modules are
explained further in Section 3.1.2.

In the building simulations, the focus has not been on the building, but rather on the way the
solar energy systems perform in combination with the building. It was therefore considered
acceptable to use simplified building models for the simulation of space heating demand, and
to use standardised values for lighting and domestic hot water demand. The important factor
was that the building model was kept the same in the compared systems.

1.3.5 Environmental impact analysis

The environmental impact analysis of the PV/T modules are here evaluated using life cycle
assessments (LCA). A single issue impact assessment method is used in this thesis, focusing
only on global warming potential at 100 years (GWP100a) as described by the
Intergovernmental Panel on Climate Change (IPCC)[9]. Global warming potential is measured
in carbon dioxide equivalents (COazceq) per functional unit. The LCA methodology is described
in more detail in Section 2.3.

The analysis is performed using the LCA tool Simapro 8.0 [40] . Simapro is the world’s leading
LCA tool and can be used to collect, analyse, and monitor data on products and services. The
analysis of the environmental impact of the PV/T modules in this thesis is based on data from
the Ecoinvent database v. 3.1 [41] in combination with information from two PV/T
manufacturers. It is one of the most comprehensive and well documented databases, and
includes a broad range of processes. LCA tools and databases are described further in
Section 2.3.3 and Section 2.3.4. The data collection is described together with the case studies
Chapter 6.
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Chapter 2: Background and theory

2.1 Solar energy

2.1.1 The solar resource

The sun is an abundant renewable energy resource, which is freely available on most places on
Earth. In fact, the sun is the ultimate energy source behind most other renewable sources,
including wind power, hydropower and bioenergy. Even fossil fuels can be said to be stored
solar energy. From the point of view of life on Earth, the sun is an infinite source of energy;
astronomers estimate its lifetime to 5 billion years from now.

The amount of solar radiation that hits the surface of the Earth every year is far larger than the
global energy demand. In one hour, the Earth receives more energy in the form of solar radiation
than the total global energy demand for a year [42]. The solar resource is shown in Figure 1,
compared to other renewable and finite energy resources [43]. It should be noted that the
renewable resources is shown as annual capacities, while the total amount is shown for the finite
resources. The annual global energy demand is shown in the same figure.

renewable finite

2015 World energy use
18.5 TWy/y

Geothermal

Tidal o

RENEWABLE

Solar 23,000 TWy/y Biomass 2-6 TWy/y Nat. Gas 220 TWy
Wind 75-130 TWy/y  Hydro 3-4 TWy/y Petroleum 335 Twy
Waves 0.2-2 TWy/y Geotrm 0.2-3++ TWy/y Uranium 185++ TWy
OTEC 3-11 TWy/y  Tidal 0.3 TWy/y Coal 830 TWy

Figure 1. The global energy reserves [43]. (OTEC refers to ocean thermal energy conversion.)

Solar radiation is available everywhere on Earth, although at different levels. The radiation is
highest close to the equator, but the difference between locations largely depend on the local
weather conditions. When the radiation at different locations is compared, it is not uncommon

13



that the value on a horizontal surface is given. This can be misleading, especially for locations
at high latitudes, since horizontal is far from the optimal installation angle for solar energy
systems.

Figure 2 shows a map of the global irradiation on an optimally inclined surface [44]. It shows
that the radiation on an optimally inclined surface in most of Northern Europe is around
800-1100 kWh/m? per year. Comparing this to the much higher radiation at the equator, it may
seem that solar energy utilization is not appropriate this far north. However, until just a few
years ago, the largest market for PV installations was actually Germany, which now has been
surpassed by China [45]. Germany still has 21% of the world’s total installed PV power [45],
and a level of irradiation that is relatively similar to that in parts of Scandinavia.

N oso [ sool noo. 1400 I wool mo. 20

Figure 2. The annual global solar radiation on an optimally inclined surface, measured in kWh/m’.
Figure from Multiconsult [44].

The largest challenge of solar energy utilization in Northern regions is arguably not the amount
of radiation, but rather the large differences between the many hours of sunlight in summer and
the short days in winter at high latitudes. The annual variations are also mismatched with the
energy demand of a typical residential building, which requires most energy for heating and
lighting during winter.

The varying sun path over the year also means that the optimal angle can vary significantly
between summer and winter. As an example, the optimal tilt angle for a PV system in Oslo in
Southern Norway is around 40° if the annual output should be maximised. However, if the
system is designed for high output during the summer months, the best angle is around 30°. If
the system is instead designed for winter yield, the optimal angle would be approaching 70°.

2.1.2 Passive and active solar energy
Solar energy utilization is generally divided into passive and active type. All buildings use
passive solar heating to some degree when solar radiation is transmitted through windows and
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glazing, and the radiation is absorbed by floors, walls or furniture. The utilization of passive
solar energy can be significantly improved by careful design of the building and by use of
thermally “heavy” materials, such as stone or concrete, which absorb and store solar radiation.
In Norway, passive heating supplies around 10% of the annual energy demand for space
heating [46].

Active utilization of solar energy includes the use of photovoltaic (PV) and solar thermal
systems, or, as will be explored in this thesis, photovoltaic-thermal systems. In a PV module,
the absorbed solar radiation is converted to electricity. A solar thermal collector absorbs solar
radiation and converts it to heat, which can be used for example for preparation of domestic hot
water (DHW) or space heating. PV/T modules are a combination of PV modules and solar
thermal collectors, and are described in Chapter 3. There are also several methods available for
utilizing solar energy for cooling, and solar thermal energy to generate electricity, but these
technologies are outside of the scope of this thesis.

2.1.3 PV modules

Photovoltaic (PV) cells, or solar cells, convert solar radiation to electricity. Most solar cells are
made up of two semi-conductor materials, forming a so-called p-n junction. When radiation is
absorbed by the solar cell, a voltage is created across the p-n junction due to the movement of
electrons and holes (the absence of electrons). This is known as the photovoltaic effect. If the
two sides of the p-n junction are connected, a current is generated in the external circuit. [47]

Crystalline silicon solar cells are by far the most common technology today, accounting for
more than 90% of the market [45]. Crystalline silicon solar cells are made from thin wafers
(nowadays typically around 160-200 um) of either monocrystalline (mono-Si) or
polycrystalline (poly-Si) silicon. These are mature and robust technologies, and the efficiency
of commercially available modules is in the range 15-22%.

The production of silicon solar cells is energy-intensive. The most energy demanding step is
the production of high-purity silicon, so-called solar grade silicon. Since poly-Si cells have
somewhat lower demands on purity, the production is slightly less energy demanding than that
of mono-Si cells. Poly-Si cells are also typically of lower efficiency, and have a somewhat
lower cost.

The other large technology group is thin film solar cells. These can be made of different
materials or composites, but have the common feature of being made of thin films
(1-2 pm) [48]. Technology developments and increased efficiency have made thin film
modules a viable alternative to crystalline silicon modules, even though the efficiencies are still
typically lower. The most common materials are amorphous silicon (0-Si), CdTe (Cadmium
Telluride), and CIS/CIGS (Cadmium Indium (Gallium) Selenide). Efficiencies of commercial
modules range from 5-13% [49]. The production of thin film modules is significantly less
energy demanding than the production of crystalline silicon solar modules.

In addition to the technologies mentioned above, there are also several new developments in
solar cell technology, including dye-sensitized solar cells (Grétzel cells), tandem and multi-
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junction solar cells, quantum dot solar cells, and the use of new materials such as perovskites
and nanomaterials. These technologies are still more or less at a laboratory stage.

A standard crystalline silicon solar cell of 156 mm x 156 mm generates a voltage of around
0.5 V and a power of less than 5 W [48]. PV modules are therefore composed of a number of
series- and parallel-connected solar cells to increase the output voltage. Common module
nominal power output today range from around 100 W, to over 300 W, (Watt peak, see
Section 2.1.3.1) [48]. The cells are encapsulated and laminated together with a glass pane for
structural stability. The module also typically has an aluminium frame, although frameless
modules are increasingly common, especially in modules intended for building integration. A
typical module structure is shown in Figure 3.

Aluminium frame

Glass cover

PV cells
Lamination material (EVA)

Backsheet (Tedlar)

Figure 3. Structure of a crystalline silicon solar module (not to scale).

The structure of a thin film module is a little different from crystalline solar modules. Thin film
solar technology does not require cells to be a certain shape or size, but consists of several thin
layers of deposited material. Physical or chemical deposition methods are used to create thin
layers on a substrate of e.g. glass or metal [48]. The cells and connection between them are
created as the thin film is deposited. Thin film modules can be produced on different substrates
and can be made flexible or semi-transparent.

2.1.3.1 Performance of PV modules

The instantaneous efficiency # of a PV module is defined as the ratio of the maximum power
output Pya (W) output to the irradiance’ G (W/m?) and the area of the module Apy (m?), as
shown in Equation ( 1).

Pmax
— (1)

nzG'APV

The maximum power, Pnuax, is calculated according to Equation ( 2 ), where L. (A) is the short
circuit current, Vo (V) the open circuit voltage and FF (-) the fill factor. The fill factor is the

3 The definitions from Duffie and Beckman [22] are used in the text: irradiance G (W/m?) refers to the rate of
energy on a unit area, and irradiation /7 (Wh/m? or the SI unit J/m?) refers to the energy on a unit area during a
specified time. / is found by integration of G. Insolation refers to irradiation specifically from the sun.

16



ratio between the maximum power output and the product of /i and V.. [47]. Typical fill factors
vary from 0.5 to 0.82 [48].

Bnax = Isc " Voo " FF (<9
The nominal performance of PV modules is measured under so-called Standard Test Conditions
(STC), which means 1000 W/m? radiation, AM1.5 spectrum, and 25°C cell temperature. These
are conditions that rarely occur during real operation. The radiation that is not converted to
electricity is partly reflected by the front glass and partly converted into heat in the module. A
module under 1000 W/m? irradiation is therefore typically significantly warmer than 25°C [47].
The rating of a PV module is given in Watt peak (Wp), which is the power output from the
module at STC. The efficiency given in datasheets is the value for STC.

The module performance at the Nominal Operating Cell Temperature (NOCT), which is
sometimes given by producers, represents a more typical situation. NOCT is defined as the
temperature of the cells at 800 W/m? irradiation, ambient temperature of 20°C, wind velocity
of 1 m/s, and an open back side (which influences heat loss from ventilation). Typical NOCT
values are in the range 33-58°C [47].

The efficiency of a PV module decreases with increasing temperature, primarily because of
decreasing voltage [47]. A module with a higher cell temperature than at STC will therefore
have a lower power output than rated. For a crystalline silicon solar cell, the temperature
coefficient is around -0.5%/°C [50]. The efficiency of thin film solar cells are not as affected
by temperature as that of crystalline silicon solar cells.

2.1.3.2 PV systems

In PV systems, or arrays, PV modules are connected in series into module strings. In addition
to the PV modules themselves, a PV system requires some auxiliary components which are
commonly referred to as Balance of System (BOS). For stand-alone systems (systems not
connected to the grid) BOS typically includes cabling, a charge controller, and a battery. For
grid-connected systems, which are the primary focus of this thesis, BOS includes at least
cabling and an inverter. Some grid-connected systems also include battery storage, usually to
be able control when energy is imported and exported to the grid and to increase the self-
consumption of energy. In some cases, an electric car can be used as energy storage. Sensors
can also be included to monitor energy performance and environmental conditions.

PV modules generate DC (direct current) electricity. The inverter converts the DC from the PV
modules to AC (alternating current) to match the grid. Inverters also include safety features that
prevent the PV system from exporting power when the grid is down, for example during
maintenance.

The energy performance of a PV system is referred to as the performance ratio (PR) and is
defined as the ratio between the actual energy output and the output of a “perfect” system at the
same irradiation. The PR is influenced by e.g. shading or soiling, reduced efficiency due to
module temperature, losses in cabling, and the efficiency of the inverter. For a well-designed
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PV system, the performance ratio should be over 80%. [51] Typical PR values for systems in
Germany are nowadays in the range 80-90%, compared to around 70% in the 1990s [45].

Two relatively new types of products on the market are micro-inverters and power optimisers.
Instead of using one inverter for one or a few strings of modules, these systems convert the
power output of each module individually. The advantage is that the performance of each
individual module can be optimised, and the energy output of the string is no longer limited by
the weakest performing module. Such systems are less affected by shading and can also include
modules with different orientations.

In Scandinavia, an optimally inclined PV system can be expected to have an annual output of
around 80-150 kWh/m? [52], or 750-950 kWh/kW,, [53].

2.1.4 Solar thermal collectors

In a solar thermal collector, the absorbed solar radiation is converted to heat. The heat is
extracted by a heat transfer medium that flows across the absorber. The heat transfer medium
is typically water or glycol-mixed water, but sometimes also air. Collectors with liquid heat
transfer media is the focus of this thesis. There are several different types of solar thermal
collectors, for example flat plate, vacuum tube, and parabolic through collectors.

A flat plate solar thermal collector (Figure 4, left) consists of an absorber, which absorbs the
solar radiation, and insulation to reduce the thermal losses to the surroundings. In its simplest
form, an absorber is simply a black or dark surface. However, modern, spectrally selective
absorbers are designed to absorb as much as possible of the short wave solar radiation, while
emitting as little heat as possible. Most collectors also have a glass cover, which transmits the
solar radiation but reflects back the long wave heat radiation emitted from the absorber, thereby
increasing the collector temperature and efficiency. The cover also protects from wind and
cooling by the surroundings. Uncovered collectors are typically used for less demanding
applications such as swimming pool heating.

Figure 4. A flat plate solar thermal collector (left) and a vacuum tube collector (right). Photo ©
Wagner & Co, Célbe and European Solar Thermal Industry Federation (ESTIF).
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In a vacuum tube collector (Figure 4, right), the absorber in each glass tube is insulated by the
surrounding vacuum. Vacuum tube collectors are more efficient than flat plate collectors and
can reach higher output temperatures.

Worldwide, vacuum tube collectors account 54% of the market, while in the EU countries flat
plate collectors account for 86% of the market (values from 2008 and 2009) [52]. Vacuum tube
systems with integrated water storage are common in warmer countries, and especially in
China. These systems are often thermosiphon systems, where the fluid is naturally circulated in
the pipes due to the lower density of the heated fluid. Vacuum tube systems are not as common
as flat plate collectors in building integrated applications.

2.1.4.1 Performance of solar collectors

The amount of energy that can be harvested from solar collectors depends on the design and
operation of the complete system, such as the flow rate and temperature of the incoming heat
transfer medium, and not only on the efficiency of the collector.

The instantaneous efficiency # of a collector is defined as the useful energy output divided by
the incoming radiation, according to Equation ( 3 ), where Q, (W) is the rate of useful energy
gain, G (W/m?) is the solar irradiance, and Ac (m?) is the gross collector area [22].

Qu
n= G (3)

The efficiency of three types of solar collectors (uncovered flat plate, covered flat plate, and
vacuum tube) versus the temperature difference between the collectors and the ambient is
shown in Figure 5. The warmer the collector gets (i.e. the higher the temperature difference to
the ambient), the higher are the heat losses to the surroundings and the lower the efficiency.
The highest efficiency is reached when the inflow temperature of the heat transfer medium is
as low as possible.
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Figure 5. Solar collector efficiency versus the temperature difference between collector and the
ambient, shown for different irradiation levels. Figure from [54] .

The thermal output of a solar thermal collector is given by Equation ( 4 ) [22].

Qu = AcFR[G(za) — UL(T; — Ty)] (4)
Fr collector heat removal factor (-)
G irradiance (W/m?)
70 transmittance absorptance product (-)
Ur collector heat loss coefficient (W/m*K)
T inlet temperature (°C)
Ta ambient temperature (°C)

The transmittance absorptance product (za) describes how much of the incoming radiation is
actually absorbed by the collector, and is the product of the transmittance, 1, of the cover and
the absorptance, a, of the absorber. The collector heat loss coefficient (Uz) describes how much
of the energy that is lost to the surroundings through the top, bottom, and edges of the collector.

The heat removal factor F is a complex factor that relates the actual useful energy gain of the
collector to the gain if the whole collector surface would be at the fluid inlet temperature [22].
It is defined according to Equation ( 5 ).

mC, (T, — T;
Fy = p( 0 i) (5)
AclG(ra) = Uy (T; = T,)]
m mass flow rate of heat transfer medium (kg/s)
C, specific heat capacity of heat transfer medium (J/kg K)
T, collector output temperature (°C)
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The calculation of energy output from a solar collector over a whole year is a complex process,
and calculation or simulation tools are often used.

In product datasheets, the potential thermal output of a solar collector is sometimes given as the
zero-loss efficiency 79 and the thermal loss factors. The zero-loss efficiency is the efficiency
when the temperature of the heat transfer fluid is the same temperature as the ambient, that is,
when there is no thermal loss from the collector to the surroundings (the values where the curves
crosses the y-axis in Figure 5). In addition to the optical efficiency, the first and second order
heat loss coefficients a; (W/m?K) and a> (W/m?K?) should be given. Given these factors, the
thermal power output Q of a collector is calculated according to Equation ( 6 ) [18]. The mean
collector temperature T (°C) is used instead of the input and output temperatures as in the
previous equation.

) a; (T, =T ap- (T —T,)?
Q=Ac770_1(G )_Z(G ) (6)

The zero-loss efficiency of good quality flat plate modules is usually above 80% and the first
order heat coefficient below 3.5 W/m?K [55]. A modern flat plate collector mounted at optimal
orientation can be expected to give an annual output of 300-500 kWh/m? in a Northern
European climate [56].

2.1.4.2 Solar thermal systems

Solar thermal systems typically consists of the collectors, a thermal storage tank, a piping
system, and a control system. Several components are necessary in the piping system, such as
pumps, valves, expansion vessels, and controllers. The principle of a solar thermal system for
DHW preparation is shown in Figure 6.
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Figure 6. The principle drawing of a solar thermal system for DHW preparation (not to scale). Figure
from [54].

A backup heater, such as an electric immersion heater, is also usually installed in DHW systems
to ensure an uninterrupted supply of hot water even at times of low solar radiation and to avoid
the risk of legionella growth. Legionella is a bacterium which can cause serious respiratory
illness, and which grows quickly in water between 30°C and 45°C [55]. The bacteria die at
50°C or above, and DHW storages are therefore typically heated to high temperatures at regular
intervals to avoid bacterial growth. Legionella is not a problem if a heat exchanger is used to
heat the DHW, and where DHW is not stored.

There are several different ways of connecting the collectors to the storage tank, depending on
the intended use of heat, what type of heat transfer medium is used, and the type of tank. A
system that will only be used for DHW preparation can be relatively simple. If water is used in
the collectors, the circuit can be connected directly to the tank (direct system). If a glycol-water
mix is used in the collectors, the collector circuit is connected to the tank via a heat exchanger
(indirect systems).

In a solar combi-system, the solar thermal collectors supply heat for DHW as well as for space
heating, in combination with one or more auxiliary energy sources. Common auxiliary energy
sources are bioenergy (for example pellet boilers), heat pumps, gas, or electricity.

It is common to use a stratified tank to improve the system performance. Stratification means
that there is a temperature gradient in the tank, where the water in the tank is coldest in the
bottom to warmest in the top of the tank. In this way, cold water is always available for the
solar collector circuit, while hot water is available for use in the building. The space heating
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circuit, which requires water of medium temperature, can be connected at the middle of the
tank.

Another important parameter to consider when designing the system is the stagnation (or
equilibrium) temperature. This is the maximum temperature that can be reached when there is
no flow through the collector, for example at times of high irradiation and a full heat storage,
or in the case of a power outage. Flat plate collectors can have stagnation temperatures of up to
200°C, and vacuum tube collectors up to 300°C. It is important to make sure that there are
sufficient strategies in place to avoid stagnation, or that all components can withstand these
temperatures. [55]

In Northern Europe, it is common to dimension the solar thermal system according to the
thermal load in the summer, which should be mainly the DHW load. Rule of thumb values for
DHW systems are around 2-3 m? collector per person, and a storage volume of 50-75 /m?
collector area. Such a system can be expected to cover 40-60% of the annual hot water load.
For a combi-system, the storage volume can be increased to 75-125 1/m? collector. Depending
on the building’s energy standard, the system can be expected to cover 15-40% of the annual
thermal load. [54, 56]

Increasing the system size is not only unnecessary, but can even be damaging to the system
since it can lead to overheating during summer. The output of a solar thermal system is only
useful when it can be used directly or stored. Over-production may lead to overheating, which
can cause damage to the components. One strategy to avoid this is to install the collectors
vertically on the facade, which reduces the output during the summer. This is especially suitable
at high latitudes, where the sun angle is low. A larger system can then be installed without the
problem of summer overheating, and can also cover a greater fraction of the load during the
heating season. Design of solar energy systems, especially for northern regions, will be further
discussed in Chapter 4.

2.1.5 Solar energy in buildings

Active solar energy utilization has several characteristics that makes it suitable for building use.
It is quiet, requires no fuels to operate (except for a small amount of electricity for circulation
pumps), and is available more or less everywhere. Solar thermal systems are easily combined
with other energy sources, such as bioenergy or heat pumps, in hybrid systems. This thesis
focuses on the use of solar energy in residential buildings, but there is also a large potential for
solar energy in industrial, commercial, and agricultural buildings, as well as swimming halls,
health care institutions etc.

When solar energy systems are installed in new building projects, they should be part of the
design from the starting phase. In this way, the orientation of the building, tilt of the roof, and
other design factors can be used to optimise the building for solar energy utilisation. Solar
installations are also appropriate for already existing buildings, in particular if they are done
during a refurbishment. Shading and non-optimal module orientations may, however, be a
problem in such cases.
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2.1.5.1 Building integration

Building integrated PV systems (BIPV) and building integrated solar thermal systems (BIST)
are typically defined as systems that are an integrated part in the building envelope [57]. That
is, the solar module or collector replaces another building component, such as fagade claddings,
roofing materials, or solar shading. It is sometimes differentiated between building integrated
systems and building added systems [58], where the latter refers to systems that are added to
the building envelope, but does not replace any other building materials. An example of a
building integrated (left) and a building added (right) solar thermal system is shown in Figure 7.

Figure 7. A building integrated (left) and a building added (right) solar thermal system. Photos ©
European Solar Thermal Industry Federation (ESTIF).

A strong argument for building integration of solar energy systems is that the buildings are
already there and no additional land is occupied by the installation. Installing solar energy
systems on buildings also means that the energy is generated where it is used, which reduces
the transmission losses. In the case of solar thermal systems, it is crucial, since the heat from
the collectors cannot typically be transported over long distances before it is used [52]. There
is, however, a growing number of district heating systems with large scale solar thermal plants,
notably in Denmark [59]. Norway’s largest solar thermal installation, in Lillestrem, is also
connected to a district heating network [60].

A downside of building integration of PV systems, particularly in roofs and fagade is the
increased module temperatures due to reduced backside ventilation, which leads to lower
module efficiencies. Module ventilation should be considered in the design of the systems.
Building integration can also, depending on the specific design of the system, make it more
difficult to get access to the system for cleaning and maintenance. Replacement of modules and
other components may also be more complicated if the modules are an integrated part of the
building.
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Integration of active solar energy systems into buildings have several aspects. A solar energy
system can be integrated perfectly into the technical system of a building, but not at all
integrated architecturally, and vice versa. Architectural integration of solar thermal systems is
covered in detail by Munari Probst and Roecker [52]. They point out that the low architectural
quality of many of existing building integrated solar thermal systems is a barrier to the
widespread use of the technology in buildings.

One possible reason for the lack of focus on architectural integration is suggested to be that
solar thermal systems (at least on residential buildings) are typically small roof-mounted
installations with limited visibility, and therefore mostly considered to be a technical
component. A survey by the authors also confirmed that there was a clear discrepancy between
architects on the one hand, and engineers and facade manufacturers on the other, regarding the
perceived quality of an integration, where the engineers and fagade manufacturers were less
demanding regarding the formal integration [52].

According to Munari Probst and Roecker, architectural “integratability” of solar thermal
systems depends on the functional, constructive, and formal architectural levels, which all bring
their own constraints and possibilities. They found that the lack of formal integratability of
existing products was a barrier to full system integration, and suggested a strategy for the
development of new, more building-oriented products. Some of the most important factors were
found to be multi-functionality, durability, and formal flexibility, where the last point includes
flexibility in module shape and size, jointing, colour, and textures and finish.

Three different examples of architectural building integration of solar thermal systems from
Scandinavia are shown in Figure 8.
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Figure 8. Different approaches to building integration of solar thermal systems. Clockwise from top:
Facade integrated flat plate solar collectors in Storelva passive houses in Tromsa, Northern Norway
(photo: Solvar Wige, NTNU/SINTEF Byggforsk), solar thermal collectors used as solar shutters in
Copenhagen (photo: CF Moller Architects), roof-added solar thermal collectors at Multikomforthus,
Larvik (photo: Harald Amundsen, Brodrene Dahl).

Architectural integration of PV modules was extensively discussed in the doctoral thesis of
Klaudia Farkas [57], building partly on the work by Munari Probst and Roecker. Farkas
separates between structural integration, where the PV module is integrated into a building
component, and conceptual integration, where the solar installation is a part of the whole
building design concept. Full building integration requires both structural and conceptual
integration. Different approaches to building integration of PV systems are shown in Figure 9.
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Figure 9. Different approaches to building integration of PV systems. Clockwise from top lefi: the
Gritzel cell facade at EPFL in Lausanne (photo: Clara Good), building inregrated PV modules at
Oseana kunst- og kultursenter in Os (photo: Tove Hegga/Creative Commons), roof integrated PV at
Skarpnes zero energy neighbourhood in Arendal (photo: Hans Kristian Sonesen, Skanska), and green
fagade integrated PV modules on Solsmaragden in Drammen (photo: FUSen AS).

Farkas describes the architectural potential of photovoltaic technology as depending on the
possibility of structural integration, the formal flexibility (the availability of different shapes,
colours etc.), the product system (availability of components available for mounting etc.), and
the availability of dummies (fake modules used for creating a uniform appearance) [57]. More
and more products for building integration are being developed, for example modules of
different colour, frameless modules, and special roofing products such as solar cell tiles.

2.1.6 Solar energy in Norway

Energy efficient buildings are expected to be the main driver for increased solar energy
utilisation in Norway [61]. Installations in Norway are relatively expensive compared to other
countries due to the small market. In addition, the cost of electricity from the grid is relatively
low (0.12€, compared to the EU average of 0.14€ during 2014 [62]) which means longer
payback times. However, PV installations on buildings can be seen as an energy efficiency
measure or as a replacement for another building component, and their comparative advantages
are therefore not always cost [61].
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Figure 10. The annual installed PV capacity in Norway [63].

All grid-connected PV installations in Norway are installed on buildings [61]. Historically, off-
grid cabins and holiday homes has been the largest market for PV systems in Norway [63].
However, a significant increase in the installed capacity of grid-connected systems took place
in 2013 and 2014, when several large-scale installations were completed (Figure 10). These
installations were primarily installed on large, non-residential buildings. The total installed PV
capacity in Norway (around 13 MW) is still small compared to other countries [61].
Neighbouring Sweden has a total installed capacity of around 80 MW [64], while Germany is
approaching 40 GW [61]. Different funding schemes have been of significant importance for
the increased PV market in these two countries. Norway has only recently initiated an economic
incentive system for PV installations. Since 2015, 35% of the total cost of a PV installation can
be refunded, up to 10 000 NOK* plus 1 250 NOK per kW, up to 15 kW, [65].

As for PV systems, the solar thermal market is also quite limited in Norway. The total installed
solar thermal capacity was 30 MWy, (megawatt thermal) by the end of 2013. Of these, 90%
were glazed flat plate collectors. [66] The total scale of installations were 16 000 m?, out of
which 13 000 m? belongs to one single system connected to a district heating network, which
was mentioned above [60, 67].

As for PV, energy efficient buildings are expected to drive the market development for solar
thermal installations. Domestic combi-systems for DHW and space heating account for 60%
of the market in Norway, and the large system in Lillestrem accounts for another 30% [67].
Installers of domestic solar thermal systems can receive economic support in Norway; 25% of
the total cost up to 10 000 NOK plus 200 NOK per m? up to 25 m? is refunded [68].

4 At the time of writing 1 NOK was equal to 0.11€.
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2.2 Zero energy/emission buildings

2.2.1 Definitions

In simple terms, a net zero energy building (nZEB) is a building where the energy that is used
by the building is balanced, or “offset”, by renewable energy generated on the building site. If
the amount of renewable energy from the building site is equal to or larger than the energy
demand, the building has reached a zero energy balance. There are a number of definitions of
zero energy buildings, and several ways to calculate the zero energy balance [69]. In most cases,
the balance is calculated as the net balance over a specific time, normally a year. This means
that the building can exchange energy with the grid(s) and thus does not have to be self-
sufficient with energy at all times. In the remainder of this text, the term zero energy building
should be understood to mean net zero energy building.

The European Union has been an important driving force for the development of energy
efficient buildings in Europe. According to the energy performance in buildings directive
(EPBD) [3], the Union requires of its member states that all new buildings shall be “nearly zero
energy buildings” by the end of 2020, and by the end of 2018 for buildings owned and occupied
by public authorities. The definition of a nearly zero energy building is left to each member
state to develop, but the EPBD (Article 2.2) describes it as:

“[---] a building that has a very high energy performance [---]. The nearly zero or very low
amount of energy required should be covered to a very significant extent by energy from
renewable sources, including energy from renewable sources produced on-site or nearby.”

In September 2015, the U.S. Department of Energy published a report with a common definition
for zero energy buildings, including zero energy campuses and zero energy communities [70].
According to this report, a net zero energy building is defined as:

“An energy-efficient building where, on a source energy’ basis, the actual annual delivered
energy is less than or equal to the on-site renewable exported energy”

A comprehensive work towards a definition was also developed by Sartori, et al. [71].
According to their definition, a net zero balance is reached when the weighted supply meets or
exceeds the weighted demand. The calculations in this thesis are based on the definition of
Sartori, et al., which is also the one used in the Norwegian Research Centre on Zero Emission
Buildings (the ZEB Centre).

To reach a net zero energy balance, the first priority should be to decrease the need for delivered
energy, and then to meet the remaining demand with on-site renewable energy sources [71]. A
graph describing this principle is shown in Figure 11, where a net zero energy balance is reached
for any point on or above the net zero balance line. As implied in the graph, the amount of

5 Source energy is defined as the building energy demand “plus the energy consumed in the extraction, processing
and transport of primary fuels such as coal, oil and natural gas; energy losses in thermal combustion in power
generation plants; and energy losses in transmission and distribution to the building site.” [70]
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supplied energy required (the height on the y-axis) is lowered by increasing the energy
efficiency of the building (moving left on the x-axis).
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Figure 11. A visualization of the ZEB balance concept. Source: Sartori, et al. [71], used with
permission.

The definition of a net zero balance according to Sartori, et al. is straight-forward but requires
that a number of other factors are determined, for example the balancing type, the weighting
system, and the system boundaries. The meaning of some of these factors are shown in Figure
12. As the figure shows, there are two main balancing types: load/generation and
delivered/exported energy. The difference between the two balancing types is that the
delivered/exported energy balance takes into account the load match and interaction with the
grid, while the load/generation balance completely overlooks this. [71]
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Figure 12. Sketch of the connection between buildings and grids. Source: Sartori, et al. [71], used
with permission.

The weighting system converts all energy carriers, such as exported or imported grid electricity,
biomass, or district heating, to one common metric [71]. The main difference between a net
zero energy building and a net zero emission building is the weighting system used. In a zero
energy building, the common metric is usually primary energy measured in kWh. In a net zero
emission building the common metric is greenhouse gas emissions, measured in kg carbon
dioxide equivalents (kg COxz¢q). The locally generated renewable energy is commonly weighted
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according to the emission factor of the energy it replaces (offsets), for example electricity from
the grid.

The system boundaries include the physical boundary and the balancing boundary. The physical
boundary determines for example whether a renewable energy source can be installed at a
distance from the building (e.g. a nearby wind turbine) or only on the building itself (e.g.
building integrated PV). The balancing boundary determines which of the loads and energy
sources that should be included in the calculation, for example whether to include the use of
electric consumer equipment such as computers. Depending on the balancing boundary, the
loads can also include energy required for construction and demolition of the building.

The ZEB Centre has expanded the definition of zero emission buildings to include several
ambition levels, depending on the included loads [72]. The levels are shown in Figure 13.

ZEB-COME
(A1-A5,B4,86,C1-C4)

ZEB-COM
(A1-A5,B4%* B6)

ZEB-OM
(A1-A3,B4** B6)

kg €O, /m?

ZEB-O
(B6)

ZEB-O EQ
(B6*)

Il End of life

Il Construction process

Il Embodied material emissions
Il Energy use equipment

Il Energy use excluding equipment

Figure 13. ZEB ambition levels as developed by the ZEB Centre [73].

These ZEB ambition levels will be used for the calculations of both the energy and the emission
balance in this thesis. ZEB-O+EQ, which is the lowest level of ambition, includes energy
demand for operation excluding technical equipment, while ZEB-O includes all operational
energy. ZEB-OM includes energy for operation and embodied emission/energy of materials.
ZEB-COM includes energy for operation, materials and construction of the building, and ZEB-
COME also includes end-of-life (i.e. deconstruction or demolition). The highest ambition level
is ZEB-COMPLETE, which includes all life cycle phases from cradle to grave. [73] A more
detailed description is given in Figure 16. It can be noted that a building with a ZEB-O+EQ
balance would still be a net zero energy building according to the EPBD, which does not require
that the consumption from equipment, and in the case of residential buildings not even that from
lighting, is included in the balance.
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2.2.2 Zero energy/emission balance calculation

The calculation methods used in the case studies in this thesis are based on the definitions by
Sartori, et al. [71] and the European standard EN 15603 [74]. In addition, the ambition levels
defined by the ZEB Centre [72] were used, also adapted for zero energy balance. The zero
emission balance is calculated in the same way as the zero energy balance, but using greenhouse
gas (GHG)® emission factors for weighting.

Two balancing methods are used in the cases studies, but the physical boundary is in both cases
set to the building itself. As mentioned above, the load/generation balance is equivalent to the
delivered/exported balance with no grid interaction, i.e. where all energy generated on the
building is exported and all energy to meet the loads is imported [71].

A general equation for the load/generation balance is shown in Equation ( 7)), based on the
references given above. The net zero energy balance is reached if the value of the annual net
energy Eye is zero or positive, that is, if the generation meets or exceeds the load’.

Eper = Z Egen,i fgen,i - Z Eload,ifload,i (7)
L L
E,e annual net energy (kWh)
Eqgeni generated energy, carrier i (kWh)
Seeni weighting factor (generation) for carrier i
Eloadi energy load of carrier i (kWh)
Sioadi weighting factor (load) for carrier 7

The energy carriers considered in the case studies in this thesis are electricity and heat. In the
case studies in this thesis, the solar heat generation is taken into account as a reduction in the
electric loads of the heat pump and electric heater. The load/generation balance can then be
calculated using only electricity. This approach is similar to the one used by Dokka, et al. [75].
The load/generation net energy balance is then calculated according to Equation ( 8 ).

Enet = Egen,elfgen,el - Eload,elfload,el (8)

Egenel generated electricity (kWh)

Seenel weighting factor for generated electricity
Eloadel electricity loads (kWh)
Jioad,el weighting factor for electricity load

The delivered/exported balance is in principle calculated using the same method, as shown in
Equation ( 9 ). The total source energy from solar radiation, the ambient air, or the ground is
not included as an input in the delivered energy, but is calculated as the delivered energy from
e.g. solar collector or PV module [74].

¢ From now on, the term “emissions” should be understood as greenhouse gas emissions
7 The definition of E,., in EN15603 is given in the opposite direction, which means that a balance is reached for
zero or negative values. The definition used by the ZEB Centre is used in this thesis.

32



Enet = 2 Eexp,i fexp,i - Z Edel,ifdel,i (9)
i i

Eewpi exported energy, carrier i (kWh)
Jew,i weighting factor (exported) for carrier i
Eeri delivered energy, carrier i (kWh)
Jaeli weighting factor (delivered) for carrier 7

As for the first case study, the only imported and exported form of energy is electricity, and
Equation ( 9 ) can therefore be reduced to Equation ( 10 ).

Enet = Eexp,elfexp,el - Edel,elfdel,el (]0)
Eeper exported electricity (kWh)
Soxpel weighting factor for exported electricity
Edetel delivered electricity (kWh)
Faerel weighting factor for delivered electricity

2.2.3 Weighting factors

Weighting factors are used to determine the value of different energy carriers in order to enable
a comparison. Examples of weighting methods are primary energy, GHG emissions, and cost,
but other political factors can also be used. This thesis will focus on primary energy and GHG
emissions.

2.2.3.1 Primary energy

Primary energy is energy in its original form, before it has been converted into other forms of
energy. The primary energy factor describes the amount of primary energy that is required to
deliver one unit of energy, taking into account all necessary steps including extraction,
processing, generation, distribution etc. [20]

If electricity that is delivered from the grid is considered to have the same value as electricity
exported to the grid, it is not necessary to use weighing factors to calculate £y, Equation ( 10 )
can then be reduced to Equation ( 11 ). (Only the exported/delivered balance is shown from
now on, but Equation ( 8 ) can be simplified in a similar way for the load/generation balance.)

Ener = Eexp,el - Edel,el (11)

Eexpel exported electricity (kWh)
Eepel delivered electricity (kWh)

However, weighting factors can be used to differentiate between delivered and exported grid
electricity. Such factors are introduced in the preliminary standard prEN 15603 [74, 76], where
solar energy is converted to primary energy using the primary energy weighting factors (fp) in
Table 1.

8 This preliminary standard has not yet been approved, and is used here as a source for the primary energy factors
only.
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Table 1. Primary energy weighting factors (f,) for solar energy according to prEN 15603 [74]. Grid
electricity is included for comparison.

Energy carrier Non-renewable Renewable Total primary
primary energy primary energy energy factor
factor factor

Delivered

Grid electricity Srdel.el 23 0.20 2.50

Grid electricity by Srdetelthyaro)  0.50 1.00 1.55

hydropower plant

Delivered from onsite

PV electricity delivered from  fpeeneipry ~ 0.00 1.00 1.00

onsite

Thermal solar energy Speenel(sy 0.00 1.00 1.00

delivered from onsite

Exported

PV electricity exported to the  fpe,gria 1.60 0.00 1.60

grid

PV electricity temporary Srexp.mmp 2.00 0.00 2.00

exported and reimported later

Primary energy factors indicate the amount of energy that was required to provide one unit of
energy in the current form. For the grid electricity, as an example, this means that 2.3 kWh of

non-renewable energy was in fact needed to provide 1 kWh of electricity in the grid. The higher

the primary energy factor, the more inefficient is the process of supplying the energy.

The weighting factors in Table 1 differentiate between a renewable and a non-renewable
component. It is up to the authorities in each country to determine which of the factors are to

be used. Only the non-renewable primary energy factor is used in this thesis.

If the primary energy weighting factors in Table 1 are used, Equation ( 10 ) can be written as

Equation ( 12).

Enet = (Eexp,el,tmp 'fP,exp,el,tmp + Eexp,el,grid 'fPexp,el,grid)

12
- (Egen,el ! ngen,el + Edel,el ' deel,el) (12)
Eexp,et.imp annual exported and later reimported electricity (kWh)
Srexp.elmp primary energy factor for exported and later reimported electricity (-)
Eexp el gria annual surplus electricity exported to grid (kWh)
Srexp.el.grid primary energy factor for surplus electricity exported to grid (kWh)
Egenel electricity generated onsite (kWh)
SPeenel primary energy factor for electricity delivered from onsite (-)
Edetel electricity delivered from grid (kWh)
Srdelel primary energy factor for electricity delivered from grid (-)
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Exported and later reimported electricity, Eexp,mp, refers to electricity that is exported from the
building and later reimported. For example, this could be a surplus of solar electricity generated
in the summer, which is reimported to power a heat pump during the winter.

2.2.3.2 Greenhouse gas mission

As mentioned above, the zero emission balance is similar to the zero energy balance, but
calculated using GHG emission factors. The net annual emissions GHGhe: (kg CO2eq) is
analogous to the net annual energy E,.;. Emissions that are avoided due to the use of renewable
energy instead of more polluting energy sources are counted as negative, or avoided, emissions.

In the two case studies, where only electricity is imported and exported, the balance Equation
(10 ) can then be written as Equation ( 13 ), weighted by emissions.

GHGnet = Eexp,elfGHG,exp,el - Edel,elfGHG,del,el (13)

GHG et annual net GHG emissions (kg COacq)
JferG.eper  GHG emission factor for exported electricity (kg COzeq/kWh)
SGHG delel GHG emission factor for delivered electricity (kg COz./kWh).

The factors fG#G,exp,et and fGrG,deier are the grid emission factors for export and import to the grid
and play an important role in the analysis. If delivered and exported electricity to the grid are
assumed to have the same GHG emission factor, Equation ( 13 ) can be further simplified to
Equation ( 14 ), where fGrG.sym el is the symmetric grid emission factor (kg CO2e¢/kWh).

GHGper = (Eexp,el - Edel,el)fGHG,sym,el (14)

The grid emission factors vary depending on the energy mix in the local grid, where a grid with
a high share of renewable energy gives a low emission factor and a grid with a high share of
fossil fuels gives a high emission factor.

The current Norwegian electricity grid, which is almost entirely based on hydropower, has a
grid emission factor of around 0.04 kg CO2cq/kWh [41]. This can be compared to the current
European grid factor, of around 0.36 kg CO2./kWh [77]. However, the Norwegian grid is
connected to the Nordic and European electricity grid, through both import and export. Much
of the Norwegian renewable electricity is also sold to customers in other countries through the
European Guarantees of Origin system. According to the Norwegian Water Resources and
Energy Directorate (NVE), the grid emission factor of the Norwegian electricity mix has been
between 0.307 kg CO2¢¢/kWh and 0.500 kg CO2eq/kWh during the years 2011-2014 if trading
of Guarantees of Origin are taken into account. [78]

In analyses of buildings, it is also necessary to consider the development in the electricity grid
during the building’s lifetime. In this thesis, the lifetime of the building is assumed to be 60
years, in accordance with values used in previous studies in the ZEB Centre. The lifetime of
PV systems is assumed to be 30 years based on the recommendations in the Methodology
Guidelines on Life Cycle Assessments of Photovoltaic Electricity [79], in combination with
producer warranties. The lifetime of solar thermal systems can be expected to be
20-25 years [80].
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Several scenarios for the future grid in Europe were developed in the ZEB Centre by Graabak,
et al. [81], and the influence on zero emission buildings was analysed by Georges, et al. [11] in
a European and Norwegian context. The development of the specific grid emission factor
(kg CO2¢¢/kWh) in the different scenarios is shown in Figure 14. The most ambitious scenario
analysed by Graabak, et al. was the so-called ultra-green scenario, in which it was assumed that
emissions of the European grid will be reduced by 90% by 2050 in line with EU long term
political goals [82, 83]. The ultra-green scenario represents a combination of a reduced energy
demand, increased energy generation from renewables and nuclear, as well as increased
transmission capacities [81]. The red scenario is the least ambitious of the scenarios, and
includes only low-tech developments of traditional, mostly centralized energy sources [81].
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Figure 14. The development of the specific grid emission factor in the different emission scenarios.
Figure from [81].

There is currently no standard way of accounting for grid emissions in Norway. The average
factor for the ultra-green scenario is the one recommended and commonly used factor in the
ZEB Centre for calculating emissions in long term perspective [78]. This grid factor (referred
to as the ZEB grid factor in this thesis) starts at the current EU level of 0.361 kg COz.¢/kWh
and declines to 0.031 kg CO2c/kWh by 2050, as shown in Figure 15.
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Figure 15. The development of the grid emission factor used in the ZEB Centre. Figure from [72].

Both the current EU grid factor and the ZEB grid factor are used in this thesis, in order to
represent the range between a pessimistic “business as usual” scenario and an optimistic outlook
on the development of the European electricity grid. The use of the ZEB factor makes it possible
to compare analyses within the ZEB Centre. The average over 60 years, the assumed lifetime
of new buildings, is 0.132 kg CO2/kWh [81]. The average ZEB factor over 30 years is also
used in this thesis, since this is the assumed lifetime of a PV/T system. The 30 year ZEB factor
is 0.238 kg COze¢/kWh.

2.2.3.3 Including embodied emissions

Embodied emissions refer to the amount of GHG emissions (regardless of their type and source)
emitted during one or more life cycle stages of a given product, other than the ones related to
its operation [84]. The embodied emissions are the emissions associated with producing a
material or component, and which thereby are “embodied” in the final product.

The emissions are calculated and expressed as CO2 equivalents (COazeq). The life cycle stages
include production of the materials and components (A1-3), transport to site (A4), construction
(AS5), maintenance (B1-7) including replacement of new materials over the lifetime of the
building (B4), ‘end-of-life’ of the building (C1-4) and next stage product (D) including reuse,
recycling, with labelling of the life cycle stages according to EN 15978 [85]. An overview of
the embodied emissions included in the ZEB ambition levels, according to the stages of
EN 15978, is shown in Figure 16.
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** Does not include transport to building site (A4), installation into building (A5) or end of life treatment of the replaced materials

*** Does not include end of life treatment of the replaced materials
NB: Biogenic carbon should only be included at a ZEB-COME or ZEB-COMPLETE level

* Does not include operational energy of electrical equipment
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Figure 16. The ZEB ambition levels defined with the life cycle phases defined according to EN 15978.
Figure from [73].
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The amount of embodied emissions depends on the energy intensity of the production, but also
on which energy sources that are used. This, in turn, depends to some extent on where the
component was produced, and which means of transport was used. [78] A component with high
embodied energy can have relatively low embodied emissions, if it was produced with
renewable energy. Embodied emissions can be determined using life cycle assessments, which
are discussed in Section 2.3.

Embodied emissions can be included in the net emission balance calculations of a building. In
this thesis, the whole lifecycle of the building is considered inside the calculation boundary,
that is, embodied emissions are included in the balance calculations. Following the practice
used in the ZEB Centre, the embodied emissions are annualized over the building lifetime when
included in the calculations [73]. This practice is also followed here, which means that the value
of embodied emissions can be added to Equation ( 13) to give Equation ( 15), where
GHGembodiea (kg CO2 ¢q) are the annualized embodied emissions [78]. The embodied emissions
can here be interpreted as an addition to the emissions for delivered energy.

GHGnet = Eexp,elfGHG,exp,el - Edel,elfGHG,del,el - GHGembodied (]5)
Eep el exported electricity (kWh)
JfGHGexp,el GHG factor for exported electricity (kg CO2.¢/kWh)
Edelel delivered electricity (kWh)

FGHG. del el GHG factor for delivered electricity (kg COze/kWh)
GHGempodiea annualized embodied emissions (kg COxeq)

2.2.4 Load match and grid interaction

Given the primary energy factors in Table 1, self-consumption of electricity is considered more
valuable than export to the grid. PV electricity that is exported to the grid and later reimported
is given a higher primary energy factor than electricity that is only exported to the grid. If this
weighting system is used, systems with a high share of self-consumption, i.e. systems with good
temporal match between available energy and energy demand, will achieve better balance
results (i.e. higher values of Ejer).

There are a number factors that can be used to assess the match between availability and demand
in buildings. An overview of such factors for determination of load match and grid interaction
is given in [86]. The load match is a measure of how much of the building energy load that can
be covered by local energy generation, while the grid interaction describes to what extent
energy is exchanged with the grid(s) [86]. The factors can be calculated over different time
periods, from sub-hourly to yearly.

The two factors that are used in this thesis is the load match index and the grid interaction index.
A generalized term for the load match index fious: of energy carrier i is given by Equation ( 16 )
[71], where N is the number of data samples, g; and /; stand for generation and load of carrier i,
and ¢ is the time interval of the analysis. The term in brackets indicates that the load match
cannot be higher than 1 (100%).

39



1 2 : [, 9:(®)
fload.i = N min [1' li (t) (16)
year

If only solar energy is considered, the load match index is also referred to as the solar fraction
(SF), which is a common assessment factor for the dimensioning of solar thermal systems.

The grid interaction index describes the variability of the net grid export during the year [71].
Only the grid interaction with the electricity grid is considered in this thesis. A general equation
for the grid interaction index fg¢; for carrier 7 is given in Equation (/7 ), where STD denotes
standard deviation, e; and d; are the exported and delivered energy of carrier i respectively, and
t is the time interval as before.

ei(t) —di(t) ) (17)

foriai = STD <|max(el-(t) —d;(D)I

The standard deviation is normalized by the absolute value of the maximum difference between
exported and delivered electricity for the analysed time period. The grid interaction index does
not indicate if there is an energy deficit or a surplus, but describes the variability in the exchange
with the grid. A constant value over the analysed period, e.g. a year, results in a low value of
the grid interaction index, while large fluctuations result in high values.

Both the load match index and the grid interaction index are sensitive to the time resolution,
and large differences can be obtained depending on whether data for hourly, daily, or monthly
time intervals are used [71]. It is therefore important to specify over which time period, and
with which time interval, the calculations are performed.

2.3 Life cycle assessments

Life cycle assessment, or LCA, is one of several tools available for environmental systems
analysis. It is a method of evaluating the environmental impact of a product or service
throughout its life cycle. Depending on the scope of the assessment, this may include all
processes from the extraction of raw materials (“cradle”) to its recycling or disposal (“grave”).

Possible applications of LCA are listed in the international standards and include identification
of improvement possibilities, decision making, choice of environmental performance
indicators, and market claims [87]. An LCA is a study of a whole product system, and not just
a few processes. In addition, the results are related to the function of a product, which means
that it is an appropriate method for comparison of different products if their function is the
same. [88]

LCA is focused on studying technical systems and processes, but also include information about
how the technical systems relate to the natural and social systems in which they exist [88]. An
LCA can be used to determine the embodied emissions of a product (see Section 2.2.3.3), but
a full LCA focuses on more than one impact factor.
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Life cycle assessments are used in Chapter 6 of this thesis, and a brief overview of the
methodology is given below.

2.3.1 LCA structure
A standardisation of the methodology is described in ISO 14040 [87] and ISO 14044 [89].
According to these standards, an LCA should be divided into the four following steps:

1. Goal and scope definition

2. Life cycle inventory (LCI)

3. Life cycle impact assessment (LCIA)
4. Interpretation

2.3.1.1 Goal and scope definition

The goal and scope definition is an important step, where the objective, choice of functional
unit, and boundary conditions of the study are determined. These choices can have a big impact
on which data needs to be collected and on how the data collection should be performed.

The goal of the LCA determines how the results are interpreted. The goal formulation should
state why the study is performed, the intended use of the results, and to whom the results will
be communicated (the target audience) [88]. The goal should be formulated as specifically as
possible. The scope of the LCA defines the temporal, geographic and technological system
boundaries of the study, as well as the mode of analysis and the level of detail that should be
used [90].

The functional unit should be based on the function of the studied product or process, and not
relate to production or consumption volumes [88]. The functional unit should be described in
as much detail as possible, in order to avoid confusion in the interpretation of the results, and
should be as close as possible to the end use [90]. For a PV system, as an example, one possible
functional unit could be 1 kWh electricity delivered to the consumer.

Reference flows of functionally equivalent products can be determined based on the functional
unit [90]. In the PV system example, reference flows could be 1 kWh electricity delivered to
the consumer from the grid or from a diesel generator. These reference flows have the same
functional unit, but the required infrastructure is very different.

2.3.1.2 Life cycle inventory

Data on processes and materials are gathered in a life cycle inventory (LCI). An LCI should be
based on the goal and scope definition and should include the three following steps:
construction of a process flow model, data collection for all activities, and a calculation of the
required quantities in relation to the functional unit [88].

The flow model is usually given in a flow chart, where all included processes and activities are
shown. This includes not only physical materials and products, but also e.g. transport, use, and
waste management [88].

The data collection is the most time consuming part of an LCA. Information on inputs and
outputs on all included processes and activities described in the flow model needs to be
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collected. According to the LCA standard, the data should include information on energy,
material, and other physical inputs; products, co-products and waste; emissions to air, water
and soil; and other environmental aspects [87]. Descriptive, qualitative data is needed in
addition to numerical data [88]. Information on transport routes may also relevant. In addition,
it is important to include an assessment of data uncertainty.

The source of the data can be direct measurements, data from production, generic input from
databases, official statistics, or a combination. To get specific data, it is often necessary to
contact companies, who may not be willing to share information about their production due to
confidentiality or other factors. Questionnaires are often used in the communication with
companies [91].

The data in an LCI is sometimes divided into foreground data and background data, where
foreground data is the detailed information about the specific product or process in question,
and background data is the generic data on e.g. common materials, transport, and waste
management, which is normally taken from databases [91].

The calculation of required quantities may include normalizing annual values by production
volumes and setting up mass balances between inputs and outputs of the activities in the
flowchart [88]. This step often includes issues related to allocation of inputs and outputs (see
Section 2.3.2). In practice, the calculation often includes large amounts of data and is therefore
often solved using some kind of software tool (Section 2.3.4)

2.3.1.3 Life cycle impact assessment
An assessment of the large amount of data in an LCI is performed through life cycle impact
assessment (LCIA) methods, where the impacts of the processes are classified and
characterised. Optionally, the LCIA may also include normalisation, ranking, grouping, and
weighting (not used in this thesis) [91].

An LCIA method is a description of how to classify the inventory results in a set of impact
categories that describe environmental impact. Classification means that data from the
inventory are sorted according to the environmental impact that they contribute to. A parameter
from the inventory may contribute to several impact categories. [88]

Different LCIA methods use different impact categories. Each impact category is described by
a category indicator, for example damage to ecosystems, acidification, or global warming
potential. The objective of the impact assessment is to turn numerical data from the inventory,
e.g. kg carbon dioxide (CO2) equivalents, into information about a resulting environmental
impact, e.g. global warming potential. Some methods only focus on a single issue.

This analysis in this thesis is based on a single-issue impact analysis of the global warming
potential at 100 years (GWP100a) as defined by IPCC [9]. The metric GWP is based on the
radiative forcing from emissions of different greenhouse gases, for example methane (CH4) and
nitrous oxide (N20). Radiative forcing is the net irradiance at Earth’s atmosphere, i.e. the
balance between energy from the sun and energy emitted from Earth. GWP is expressed in kg
CO; equivalents (COazeq), that is, the amount of CO; that would cause an equivalent effect.

42



According to IPCC, GWP is the recommended metric compare future climate impacts of
greenhouse gases, and the GWP100a was the basic metric of the Kyoto Protocol. However, its
adequacy is also debated, especially related to different time horizons (100, 50 and 20 years are
defined). For example, the 100 year timeframe underestimates the impact of greenhouse gases
with a shorter lifetime in the atmosphere, such as methane, while the 20 year timeframe does
not consider impacts after this time. [9, 92]

Some LCIA methods contain midpoint and endpoint indicators. The GWP100a indicator used
in this thesis is a midpoint indicator. Midpoint indicators are considered to be links in the
analysed cause-effect chain, while endpoint indicators describe the effect. Examples of
midpoint indicators are ozone depletion potentials, global warming potentials, or
photochemical ozone creation potentials. Examples of endpoint indicators are human health
impact in terms of disability adjusted life years (DALY, climate change, or ozone depletion.
[93]

The endpoint indicators, which are closer to the end or the analysis, are easier to understand
and communicate, while midpoint indicators, which are closer to the inventory, have lower
uncertainty levels. The choice of indicator should therefore be adapted to the target
audience. [91]

2.3.1.4 Interpretation

In the interpretation phase, the results of the LCIA are evaluated based on the objectives
determined in the goal and scope phase. The results of the interpretation may be formulated as
conclusions or recommendations for decision makers, if this was defined as the goal of the
study. However, the interpretation should also reflect the fact that the LCIA is a relative
approach that reflects potential, and not actual, impacts. [94] It is recommended to include a
sensitivity assessment of the most significant impact factors as part of the interpretation phase.

2.3.2 Attributional and consequential LCA

Product systems often include processes that are linked to each other, for example processes
with more than one product, collective waste treatment of several products, or recycling [88].
The question of how divide the loads in such multifunctional processes is called allocation and
is important in LCA.

The LCA standard states that allocation should be avoided if possible, either by dividing the
unit processes into several processes, or by expanding the system boundary [89]. If allocation
is necessary, the processes should be divided according to the physical properties if possible. If
this is not possible, other allocation methods can be used, such as economic value. It is
important that the sum of the physical processes do not add up to more than 100%, i.e. that the
same input or output is not accounted for more than once.

The main methods of dealing with the allocation issue result in two main LCA modelling
practices: attributional and consequential LCA. In consequential LCA, the issue of
multifunctional processes are solved by system expansion. This type of LCA is appropriate in
“what if?” studies, i.e. in analyses of the consequences of a change in a system, such as how
the environmental impact changes when one product is replaced by another product [91].
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Sub-division of processes or allocation is used in attributional LCA, which is the modelling
practice used in this thesis. Attributional LCA is appropriate in analyses of the total
environmental impact of a product (e.g. carbon footprinting), in localisation of hot spots in the
production, or in comparisons of products with the same functional unit [91].

The analyses in this thesis focuses on comparing different products and systems with the same
functional unit, and attributional LCA is therefore used. This means that allocation is used as
the method for handling linked processes. The allocation database (default) in Ecoinvent is
used.

2.3.3 LCl databases

Even in the case of detailed information from companies, some of the data in an LCI is typically
collected from databases. This may for example be generic data on raw materials, processes, or
whole products. Some databases focus on one particular field, such as a particular raw material
or a geographic region, while others are more generic.

The Ecoinvent database [41] is used in this thesis. It is one of the most comprehensive and well
documented databases, covers over 10 000 processes, and is maintained in a joint effort between
several Swiss institutions [91]. The database is not specialised in a particular field, but covers
a broad range of processes and also includes assessment of data uncertainty.

2.3.4 LCA software

The LCA process can be simplified by using software tools for data collection and analysis.
Compiling an LCI involves gathering large amounts of data, which needs to be structured and
transparent. The LCI is subsequently analysed using different sets of impact factors. An LCA
software can be very helpful in the process of collecting, structuring, and analysing the data,
and can also contain direct links to LCI databases.

Simapro from PR¢é Consultants [40] is used in this thesis. According to the developers, Simapro
can be wused for life cycle assessment, sustainability reporting, carbon and water
footprinting, product design, and generating environmental product declarations (EPDs). The
software is useful for collecting and structuring data and also incorporates the Ecoinvent
database (v2 and v3) which was described above. The software also includes information on a
large number of impact assessment methods, and the LCIA and data communication is much
simplified.

2.3.5 Uncertainties and weaknesses of LCA

Performing an LCA is a complex task which is associated with a large number of uncertainties.
Although they are not always taken into account, uncertainties can have a large impact on the
result of the LCA. In addition, it should be pointed out that an LCA does not give an absolute
result, but only relative answers. The answer also depends on how the question was asked. The
goal and scope definition is therefore an important part of the LCA, as it establishes why the
study is performed, and what the boundaries and limitations are. As a consequence of these
factors, two different LCAs cannot be directly compared to each other.

44



According to Ayres [95], there are two recurring problems in LCA: Firstly, the use of
incompatible units, e.g. energy and mass, and secondly, the widespread use of generic, average,
or theoretical data. Finnveden, et al. [96] divide the uncertainties according to their source and
type. The main sources of uncertainty are the data, the choices made by the LCA practitioner,
and the relations. The data can for example be variable due to time or external conditions, be
miss-specified, incomplete, or simply erroneous. The choices may be inconsistent with the goal
and scope, or even between alternative processes in the same analysis. Relations may be
incomplete, wrong, or incorrectly implemented in the software. Another criticism of LCA is
that it does not properly address impacts related to e.g. land use, including impacts on
biodiversity, and resource aspects, including freshwater resources [96].

One way of reducing the impact of uncertainties is to create regulations, guidelines, or
recommendations for how an LCA in a specific field of context should be performed. However,
Finnveden, et al. warns that recommendations can sometimes be in conflict with science,
leading to more confusion, and caution is recommended. Today, LCA methodology is detailed
in ISO standards (as described in Section 2.3.1) and there are also guidelines for specific types
of LCA. The use of guidelines in this thesis is discussed in Section 6.1.3.2.

It is also possible to quantify the uncertainty using statistical methods. In some databases, for
example in the Ecoinvent database, most of the data include probability distributions. This
makes it possible to calculate a range of probable results, for example using Monte Carlo
simulations. This topic is further discussed in Section 6.1.3.7.
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Chapter 3: PV/T technology and applications

3.1 PV/T technology

Photovoltaic-thermal (PV/T?) technology is a combination, or hybrid, of photovoltaic (PV) and
solar thermal technology. While PV modules deliver electricity and solar thermal collectors
deliver heat, a PV/T module delivers electricity and heat simultaneously, in the same module.

The basic idea of the PV/T concept is to utilize more of the solar radiation by also harvesting
the heat that is generated in PV modules. Since PV cells generally become less efficient with
increasing cell temperature, the heat removal has a double benefit: cooling the modules and at
the same time making use of the “waste” heat. The concept is also sometimes referred to as
solar co-generation or solar CHP (combined heat and power), or tri-generation when solar
cooling is included.

A solar cell converts around 10-20% of the incoming solar radiation to electricity; the rest of
the radiation is either reflected or converted to heat in the cell. A PV module can reach
temperatures of up to 70°C during operation. As described in Section 2.1.3.1, the efficiency of
solar cells typically decreases by around 0.5% per °C increase in cell temperature, and
overheating can in some cases also cause structural damage to the module.

By cooling the module with air or liquid, the efficiency of the solar cells can be increased.
Furthermore, the total efficiency of the module can be drastically increased by also utilizing the
energy that is available in the cooling medium. This is the basic concept that led to the
development of PV/T technology. [97]

The focus in this thesis has been on current PV/T technology and on products that are available
on the market. However, a brief overview of research and development of PV/T is presented in
the following sections along with a description of different PV/T concepts.

3.1.1 Review of previous research and development

The PV/T concept is not new, but there has been an increased activity in PV/T research and
development since the 1990s. Since the start of the century, a growing number of commercial
products have been introduced on the market. Several reviews describing this development have
been published in recent years, for example by Zhang et al.[98], Tyagi et al. [99], and Chow et
al. [97].

PV/T technology was first proposed as early as in the 1970s [100], also in combination with
heat pumps [101], and with concentrating photovoltaics [102]. The work that followed the
initial concepts mainly focused on flat plate collectors with air or water cooling [97]. The
influence of the module design, such as glazing and of the construction of channels, on
performance was studied by several research groups [103]. Examples of different design

9 Photovoltaic-thermal technology is referred to with several abbreviations in literature, including PV/T, PVT,
PV-T, PV-Thermal and solar hybrid. PV/T is used consistently in thesis.
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concepts for air and water based systems are shown in Figure 17. Different materials were also
tested, such as the polymeric PV/T module developed by Sandnes and Rekstad [104].
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Figure 17. Cross-section of some common designs for PV/T-air (left) and PV/T-liquid (right).
Reprinted from Chow, et al. [97]. Copyright (2016), with permission from Elsevier.

Several research groups also focused on creating numerical models to evaluate the performance
of PV/T modules and systems, for example , Sopian, et al. [103], and Zondag, et al. [105]. Many
research groups have also used simulation programs, notably TRNSYS, in their analyses.
Several TRNSYS models of PV/T modules have been created for example by Collins [106],
who also made an overview of existing models, and Stegmann, et al. [107].

A large number of experimental studies have been performed. For example by
Tripanagnostopoulos, et al. [108], who tested several configurations of air and water PV/T
modules, also including reflectors to improve the performance; Chow, et al. [109], who studied
a facade-integrated system in Hong Kong; Corbin and Zhai [110], who studied a PV/T concept
for building integration; and Dupeyrat, et al. [111] who measured the performance of covered
PV/T prototype in several operation modes, achieving performance values close to those of
equivalent PV modules and solar collectors.

A comprehensive overview of different aspects of PV/T technology was published by Michael,
et al. [112]. They studied the advantages and drawbacks of e.g. different solar cell technologies,
material choices, designs, and applications, and also outlined areas in need of more research.
The thermal performance of materials, reliability studies, and introduction of nanotechnology
were some of the proposed future research areas.

Zondag, et al. [113] made a theoretical study of nine different PV/T concepts to establish the
expected performance, and also tested one concept experimentally. They studied the impact of
glazing and absorber design on the thermal and electrical efficiency. They found that a single
cover sheet-and-tube was the most promising concept for DHW systems, but that uncovered
collectors with heat pumps had potential for low-temperature applications.
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Fortuin, et al. [114] carried out a study of PV/T development from a more conceptual point of
view, and also outlined the future research needs. They focused especially on collector
insulation and stagnation protection, and collected results from performance tests of several
prototypes. One of the tested PV/T prototypes had a thermal performance in line with a good
solar thermal collector.

More recent studies also focus on the application of PV/T technology, especially for electricity
supply, heating, and cooling of buildings. Bazilian, et al. [115] made a general overview of the
potential for PV/T technology in the built environment, and also calculated the economic
payback time of several types of installations. Glazed PV/T collectors for swimming pool
heating were found to have the shortest payback time. The authors also pointed out the potential
of PV/T fagades, which could provide electricity, hot water, as well as architectural uniformity
compared to separate PV and solar thermal installations.

Building projects including PV/T modules have been studied by among others Mei, et al. [116],
who performed a study of the ventilated PV facade at Matard Library; Athienitis, et al. [117],
who studied a prototype of a building integrated transpired PV/T collector; and Kazanci, et al.
[29], who evaluated the PV/T system on the Danish Solar Decathlon building from 2012.

A few international projects on PV/T technology have been carried out. In 2005, the
International Energy Agency Solar Heating and Cooling Programme (IEA SHC) initiated
Task 35 — PV/Thermal Solar Systems, which was dedicated to increase the understanding of
the concept and contribute to the development of a commercial market and international
performance standards [118]. Among other things, the project compiled an overview of PV/T
systems and projects (used as a reference document for the overview in Section 3.2), issued
recommendations for characterization and monitoring of PV/T systems, and performed and
international market survey.

In 2006, the report “PVT roadmap — A European guide for the development and market
introduction of PV-Thermal technology” was published by the PVT Forum, which was a part
of the EU project PV Catapult, in an effort to gather the scattered research community [119].
This report described the state of the art, market situation, and market potential for PV/T
technology in Europe, with the aim to “identify promising markets for PVT and to identify the
economical, policy, legislative, and technical bottlenecks”.

The residential market for space heating and domestic hot water preparation was seen as the
most promising in the short and medium term, including both single-family and multi-family
houses. The building sector, with actors such as real estate managers, housing cooperatives,
and energy companies, was expected to be a market driver in the early stage. The combination
of PV/T and heat pumps was also seen as a promising application. On the other hand, the lack
of standardisation and certification as well as unclear funding schemes was already then
identified as a barrier to further market development. [119]

3.1.2 Types of PV/T
A number of different PV/T concepts has been developed over the years, and the concepts are
so different that is makes little sense to discuss "PV/T systems” without further specification of
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technology or application. It has been pointed out that a more precise terminology is needed in
order to characterize the different PV/T systems, not least with regard to standardisation,
certification and funding schemes [120].

A general distinction can be made between PV/T technologies that use air as a heat transfer
medium, and technologies that use a liquid heat transfer medium. (From now on, air and liquid
based PV/T concepts will be referred to as PV/T-air and PV/T-liquid in the text.) Furthermore,
PV/T concepts are constructed based on combinations of different PV technologies, such as
crystalline or thin film PV, and different solar thermal technologies, such as flat plate collectors,
evacuated tube collectors, or concentrating collectors.

There are also some concepts that are sometimes referred to as PV/T systems, but that do not
utilize specific PV/T technology. These are for example installations where heat from a
ventilated PV fagade is used in building ventilation systems, or where PV cells and thermal
collectors are installed side by side. Side by side systems will not be discussed here.

Flat plate collectors with air or liquid heat transfer appear to be the most commonly studied
type in literature, and it is also the technology used in the greatest number of installed systems
today. One reason is probably their similarity to PV modules and flat plate solar thermal
collectors.

A brief overview of different PV/T types are given in the following sections, based on the PV/T
types identified in the PV/T roadmap [119]: PV/T-liquid, PV/T-air, ventilated PV, and
concentrating PV/T. A few examples of commercially available products is also given. The
overview in this thesis is mostly focused on the European market, since this is also the focus
area of the building analysis. A few Chinese producers were found during the market review,
but it has been difficult to obtain further details on e.g. module performance, production, or
installed systems.

3.1.2.1 PV/T with liquid heat transfer

A distinction is generally made between covered and uncovered PV/T modules (sometimes
referred to as glazed and unglazed). The nomenclature is in this case somewhat confusing, since
both types are actually covered by a protective glass sheet like the one used for PV modules.
The covered or glazed PV/T modules have an additional transparent cover at a distance from
the absorber surface for thermal insulation.

Uncovered, or unglazed, PV/T modules are similar to PV modules with some form of attached
heat exchanger, e.g. tubes or a flat plate. The modules can be uninsulated or insulated to reduce
heat loss from the back and edges, but the electricity output is prioritized over the thermal
output.

Covered, or glazed, modules are more similar to solar thermal collectors with PV cells added
on top. The PV cells may be added on the front glass or below it, and may be spaced to form a
semi-transparent surface. The glazing reduces the thermal losses and these types of modules
therefore generate higher temperatures and larger annual thermal yields than uncovered
modules, at the expense of the electric output.
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As mentioned in Section 1.2.2, the focus of this thesis is flat plate PV/T modules with a liquid
heat transfer medium. The reason for this limitation is technology maturity and similarity to
existing systems. Flat plate PV/T with liquid heat transfer was found to be the most mature
PV/T technology with the highest number of market available products, at least in Europe,
which is the focus of this study [120]. In addition, it bears the greatest similarity to existing
solar energy installations in Europe, which are mostly PV modules and flat plate solar collectors
(see Section 2.1.6). It is also easily combined with hydronic heating systems, which offer
energy source flexibility. This is regarded as an important quality for future building energy
systems in Norway.

One of the oldest producers in the market is the solar thermal company Turkish Solimpeks, who
started their production of PV/T in the early 2000s. They produce two versions of their collector
Volther: one prioritising thermal output (PowerTherm) and one prioritising electric output
(PowerVolt).

The French producer Dualsun is one of the few on the market who specialise only in PV/T
modules and do not also produce PV modules or solar thermal collectors. Their unglazed Wave
(formerly Hybrid) was also the first module to be certified with the Solar Keymark for PV/T
modules.

Other products on the market include Wiosun PV-Therm from German Solarzentrum Allgdu
and the Hybrid from the Swiss producer Meyer Burger.

3.1.2.2 PV/T with air heat transfer and ventilated PV

A PV/T-air system is a relatively simple construction that can be realised with conventional PV
modules, although specialised products also exist. An air gap is usually provided behind PV
installations to ensure proper ventilation and cooling of the modules. Making active use of this
heated air in such a ventilated PV system turns it into a PV/T system.

PV/T-air collectors are generally designed for direct use in the ventilation system of a building,
but can also be used for hot water preparation if an air/water heat exchanger is included.
However, the efficiency is generally lower than with a PV/T-liquid system. Other applications
may be drying or solar cooling. [119]

SolarWall from Conserval Engineering is an example of a commercially available PV/T air
collector. It is available both as a fagade module where PV modules are installed on top of
transpired solar collectors (shown in Figure 18) or as a ducted module suitable for roof
integration [121].
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Figure 18. The SolarWall PV/T facade at Concordia University, Montreal. The PV/T system is the
dark blue area on the upper part of the facade. Photo courtesy of Conserval Engineering.

3.1.2.3 Concentrating PV/T

In concentrating PV/T (CPVT) collectors, reflective or refractive concentrators are used to
focus solar radiation, resulting in high electric efficiencies and high temperatures. A review of
the development in CPVT technology was recently published by Sharaf and Orhan [122], who
made a general distinction between high-concentrating and low-concentrating PV/T collectors.
Low-concentrating CPVT may be appropriate for residential applications, while high-
concentration CPVT produces hot water or steam at a significantly higher temperature than flat
plate collectors and therefore has a wider range of application areas [122]. Examples of
concentrating collector types are parabolic dish collectors, parabolic trough collectors, and
linear Fresnel collectors.

Parabolic dish collectors use curved mirrors to focus the radiation onto a small PV cell area and
thermal unit. Parabolic trough collectors use curved mirrors and a tubular thermal receiver unit.
Fresnel collectors use Fresnel lenses to focus the sunlight onto a thermal collector. Fresnel
collectors can be made relatively flat and therefore has potential for use in buildings. Other
CPVT systems typically use tracking, but it is not always used in linear Fresnel collectors. [122]

More than 50 experimental and theoretical studies of CPVT were found by Sharaf and Orhan
[122], but only six companies with prototypes or actual products. Of these, two were parabolic
trough collectors, two were linear Fresnel collectors, and one a parabolic dish collector. (No
information was found on the technology of the sixth type.)

Zenith Solar/SunCore produces a high-concentrating CPVT of the dish type with two-axis
tracking. The radiation is reflected onto a multi-junction PV cell and heat exchanger. The
collectors are claimed to have a combined efficiency of at least 72% and can deliver water with
a temperature up to 100°C. According to the producer, the concept works best in hot
climates. [123]
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Figure 19. Parabolic trough PV/T collector. Photo courtesy of Absolicon [124].

The Swedish company Absolicon (formerly Arontis) was founded in 2007 and makes a
parabolic trough PV/T collector, the X10 (Figure 19). The collector delivers electricity and
water at up to 75°C. The collector is commercially available and installed in several places in
Europe. [124]

Chromasun has developed a compact micro-concentrator unit with linear Fresnel concentration
together with the Australian National University. The unit, which is developed for rooftop
integration, can reach a maximum output temperature of 200°C. [125]

3.1.2.4 Other PV/T concepts

Several other PV/T concepts have been modelled or tested, but few have so far reached the
market. The PV/T module Virtu from Naked Energy is, according to the producers, close to
market ready. The module, shown in Figure 20, is a PV/T-liquid module using vacuum tube
collector technology. According to the company, the concept has up to 80% combined
efficiency and delivers the same energy output in half the area compared to separate PV and
solar thermal installations. The output temperature is in the range 40-85°C. Additional benefits
are stated to be less shading problems than flat plate collectors as well as reduced soiling and
dust collection. [126]
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Figure 20. The Virtu vacuum tube PV/T collector. Photo courtesy of Naked Energy.

There has also been efforts to create components for building integration. Anderson et al [127]
developed a BIPV/T system for integration into roofs. The system was tested in an outdoor
steady state test in New Zealand. A hybrid solar window with water cooled PV cells, tiltable
reflectors, and anti-reflection treated glazing was developed by Davidson et al. [128, 129] at
Lund University in Sweden. The PV cells are water-cooled, and reflectors provide additional
heating of the water pipes. The windows are installed in a low energy single family building
in Alvkarled (60.57N, 17.45E) in Mid-Sweden, shown in Figure 21.
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Figure 21. The concept of the hybrid PV/T window (left), and the Swedish pilot installation (right).
The PV/T window is located on the lower, white part of the wall. Reprinted from Davidsson, et al.
[128]. Copyright (2016), with permission from Elsevier.

3.1.3 The PV/T market

The market for PV/T systems is still very small compared to the markets for pure photovoltaic
or solar thermal systems, but an increase in the number of commercially available products can
be identified in the last decade. The increased interest in PV/T is probably, at least to a certain
extent, driven by the increasing interest in energy efficient buildings worldwide. Stricter energy
requirements for buildings, such as the European Commission’s goal that all new buildings
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shall be “nearly zero energy buildings” by 2020 [19], puts pressure on the building industry to
find solutions for on-site renewable energy generation.

The PV/T roadmap (described in Section 3.1.1) identified around 20 developments or market
attempts, but only nine commercial actors (three PV/T-air systems, two unglazed PV/T-liquid,
one glazed PV/T-liquid, and three concentration PV/T systems). It was concluded that the
actual number of installations was small, and with no experience from long term operation. A
few of the identified products or producers are still on the market today, while some have
disappeared and others have emerged. Several of the developers described in the roadmap had
closed or halted development due to technical or material-related problems in the production.
[119]

A market survey published in Task 35 in 2007 found ten producers of commercial PV/T
products, and six that had gone out of the market [4]. In addition, the study found 25 concepts
that were under development.

A recent study in the project PVT-Norm in Germany found 41 producers of PV/T collectors,
showing a significant increase in commercially available products [5]. The large majority of
these, around 80%, were uncovered PV/T collectors. Even though the PV and solar thermal
markets are both dominated by Chinese companies, most of the PV/T producers found in the
study were European. It is, however, a testament to the instability of the PV/T market, perhaps
to the solar energy market in general, that several of the companies from the review have gone
bankrupt or closed down production during the course of writing this thesis.

Task 35 also published a study in which architects, engineers, building owners, and solar dealers
in Canada, Germany, Denmark, Sweden, Italy and Spain were interviewed [11]. One conclusion
from the survey was that the markets were very country-specific and depended to a large degree
on the composition of the existing PV and solar thermal markets. The PV/T market maturity
was found to depend mainly on to what degree PV was a part of the earlier market for energy
systems.

The type of PV/T systems that was dominating the market were also found to be country-
specific. In Canada, the aforementioned Conserval Engineering, who produces transpired solar
collectors and PV/T-air systems, was found to be dominating the market with their SolarWall.
Sweden has traditionally had a stable market for liquid-based solar thermal collectors, and air-
based PV/T systems were regarded with scepticism by the Swedish interviewees, even though
the climate in Sweden and Canada is relatively similar. However, the number of PV/T systems
installed in Sweden to this date is very small.

China is by far the largest solar thermal market in the world with 86% of the market and 64%
of the total installed capacity [12]. Most of the solar thermal systems in China are evacuated
tube collectors for water heating, while glazed flat plate collectors dominate in the rest of the
world. PV/T-air systems is not at the focus of research and development in China, but more
interest is put in PV/T systems for water heating and with direct connection to heat pumps.
According to Fang et al [11], it is expected that PV/T hot water systems will become one of the
main solar system types in buildings in China.
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Favorable government policies and economic incentives are probably the largest drivers for all
types of solar installations. However, since a PV/T system delivers both electricity and heat,
there may be confusion as to how it should be classified. As mentioned earlier, there is also a
lack of adequate terminology to describe PV/T systems, which can also influence the incentives.

The relation between standards and innovation, and the effect on market development, has been
analyzed by Kramer and Helmers [21]. They found that the lack of standards and certifications
is a strong barrier to market development. It leads to a lack of technical information on the
products, restrictions in government incentives, and an uncertainty among consumers. The
recent developments in certifications specifically for PV/T products, such as the Solar Keymark
[22], can therefore be expected to have a positive influence on the market.

3.1.4 PV/T performance

Since the operation of the thermal and electric parts of the component affect each other,
evaluating and communicating the performance of PV/T modules involves some additional
difficulties compared to doing the same for separate PV and solar thermal systems. For
example, the electric output is influenced by the temperature of the module, which is directly
dependent on how the thermal system is operated. While the electric output can be exported to
the grid, the thermal output depends strongly on the design and operation of the whole thermal
energy system, including user profiles and storage options. It is therefore also difficult to
directly compare the performance of different PV/T systems. [119]

Since PV/T modules generate heat and electricity simultaneously it is necessary to use some
kind of method to combine or compare the output of the two energy carriers. Several approaches
are used in literature, including primary energy, cost savings, exergy, or simple addition [130].

There has recently been developments in the certification and standardisation of PV/T modules.
In Europe, the Solar Keymark certification scheme for solar thermal collectors now also include
a certification especially for PV/T modules [131]. In this certification procedure, it is stated that
the thermal efficiency of the modules should be determined with electrical production under
maximum power point (MPP) conditions, i.e. optimal operation. The electrical performance is
evaluated under STC conditions as usual.

Some general performance trends of PV/T technology were given in the PV/T roadmap [119].
It was found that the electrical output was in general around 40% of the thermal output, but in
terms of primary energy they were approximately equal. Interestingly, it was also found that
both the thermal and electrical yield was typically lower than that of separate solar thermal and
PV components. However, as they were generated by the same area, the total output per area
was still significantly larger. As for all solar energy systems, the influence of the local climate
conditions, including irradiation levels, temperature and duration of the heating season, are of
great importance.

Due to the lack of standardisation, there has been no standard way of communicating the
performance of PV/T modules. In a product data sheet, separate electric and thermal efficiencies
are usually given. However, a combined efficiency, i.e. an addition of the thermal and electric
efficiency, is sometimes used in performance descriptions. A combined efficiency does not take
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into account the temperature of the thermal output, nor the different energetic value of
electricity and heat. Some performance claims of selected manufacturers are given below.

Conserval engineering claims that their PV/T-air system SolarWall reduces the temperature of
the PV cells by 10-20°C, which leads to an increased electrical output of 5-10%. The heat
generation in the SolarWall system is reported to be three times that of the electrical output,
and the total efficiency above 50%. The output is claimed to be 100 W/m? electricity and
200-300 W/m? thermal energy. [121]

Dualsun states that the cooling of the PV cells in their Wave module can increase the efficiency
of up to 15%, and that an installation can generate 2-4 times more energy than a standard PV
installation. The modules are also stated to generate around 85% heat and 15% electricity. The
thermal performance was measured to 549 Wy, and the maximum temperature up to
74.4°C. [132]

Wiosun claims that it is possible to momentarily increase the electrical efficiency of the
PV-Therm modules by up to 30%. The rated thermal performance (at 7o) is 698 W, and the
maximum temperature 75°C [133].

The performance of the Hybrid module from Meyer Burger has been measured in the project
Suurstoffi in Switzerland (see section 3.2.3). According to measurements, the electricity output
was increased by 10% annually compared to PV modules, and up to 20% during summer [134].
The measurements are reported to correspond well to simulations.

This thesis is focused on flat plate PV/T-liquid modules. Performance values for some of the
market-available modules of this type are summarized in Table 2.
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3.2 PV/T systems in buildings

PV/T technology is an interesting technology for building application for several reasons. In
general, buildings require heating as well as electricity, and sometimes cooling, all of which
can be provided by a PV/T system. Building integrated PV systems are especially prone to
overheating due to the limited possibilities for backside ventilation, and cooling of the modules
therefore becomes particularly interesting. PV/T modules can also provide architectural
uniformity compared to PV and solar thermal systems installed side by side. In projects with
ambitious energy targets, different solar energy installations may start to “compete” for the
limited available area on e.g. roofs and fagades. A hybrid system makes it possible to generate
solar electricity and heating from the same area.

Due to the large variety of PV/T technologies, there is also a large range of possible building
applications. An examination of the use of PV/T in buildings is presented in Paper I, and
summarised here. The paper is based on a review of relevant scientific publications and projects,
as well as communication with PV/T system manufacturers and installers. An evaluation of the
suitability for building use, including possibilities for integration, for some of the technologies
is also provided in the paper.

Four main types of installations were identified, which included the majority of the installations:
ventilated PV installations and air-based PV/T, small scale PV/T-liquid systems, large-scale
PV/T-liquid systems with ground source heat pumps, and industrial and non-residential
buildings with concentrating PV/T installations.

The increased interest in building integrated solar energy systems was probably of importance
for the increased interest in PV/T technology in the 1990s [97]. During the last decade, PV/T
installations have developed from largely being custom-built pilot or research projects, to also
include a growing number of commercial installations. Due to the rapid development in the
solar energy market, a review of installed systems gets outdated quickly. Some additions are
therefore made to this text compared to the overview in Paper L.

3.2.1 Ventilated PV and PV/T-air systems

According to the Chow et al., PV/T-air systems were more readily used in buildings in Europe
and North America than PV/T-liquid systems, even though the efficiency of the PV/T-liquid
systems is higher. [97] The same tendency was also found in the overview of PV/T projects
conducted by IEA SHC Task 35 in 2007: out of 20 systems, only two used liquid heat transfer
medium [138].

One reason for the prevalence of air systems may be that they are relatively simple compared
to liquid systems. Making use of the excess heating in a ventilated PV system creates a form of
PV/T system. One early example of this type of installation is the Matar6 Library in Spain,
which has a 20 kWp ventilated PV facade with solar air collectors for preheating of the
ventilation air [116].

However, there are also commercial PV/T-air products. A large commercial actor is the
aforementioned Canadian company Conserval Engineering. The company has several
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installations around the world, including a 300m? installation at Concordia University in
Montreal (Figure 18), rated at 24.5 kW electric and 75 kW thermal power. The installation
provides heating to the ventilation system, and the system performance is monitored by the
university.

Most PV/T-air systems seem to be installed on larger, non-residential buildings, but there are
also PV/T-air systems on residential buildings. One example is the SolarWall installation on
the roof of the home/office of architect George Beeler in California, USA, where 22.6 m> PV/T
modules provide 100% of the annual electricity need and contributes to preheating of the space
heating and domestic hot water [139].

3.2.2 Small and medium scale PV/T-liquid systems

In the review presented in Paper I it was found that more of the recent installations used PV/T
modules with liquid heat transfer, compared to the dominance of air systems in earlier days.
However, the situation appeared to be very country-specific, and sometimes completely
dominated by one manufacturer or installer.

While PV/T-air systems may be easier to install, PV/T-liquid systems are more efficient [97].
The use of PV/T-liquid collectors makes it possible to integrate the PV/T system into hydronic
heating systems in buildings, which can be adapted to low temperature heat sources. The
collectors can be connected to a storage tank and combined with other heat sources, such as
different types of heat pumps or biomass boilers. The systems can be used for space heating,
DHW preparation, or both. Examples of these types of systems are found in several countries.

In the UK, the number of PV/T installations increased rapidly from 2008 due to the operations
of the company Newform Energy, who marketed and installed Solimpeks PV/T modules.
Solimpeks modules are also installed in Turkey, France, and Australia [140, 141]. One of the
UK installations is Crossway, which was the first certified passive house in the UK (Figure 22).

Figure 22. The Crossway passive house, using flat plate PV/T modules from Solimpeks. Photo:
Hawkes Architecture.
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According to Newform Energy, who went into administration in the late 2014, they had
installed over 300 PV/T installations in the UK [142]. The bankruptcy came close after a
subsidy debate in the UK, where it appeared that PV/T customers receiving feed-in tariffs (FiTs)
would not eligible for economic support through the Renewable Heat Incentive (RHI) [143].

The French market is currently dominated by the PV/T producer Dualsun, which has around
30'% monitored installations throughout the country. Most are in the range of 6 to 12 modules
(1.5-2 kW,), but there are also larger installations. The smaller residential systems typically
include both flat plate PV/T collectors and regular PV modules. A system of 6 modules and a
300 1 storage tank is reported to cover around 65% of the hot water demand for a single family
building in Marseille in southern France (Figure 23) [144].

PV/T installations are also used in more spectacular applications, such as the off-grid system at
the Arpont shelter in Vanois National park, France (Figure 23). The modules are installed facing
from east to west in order to match the energy demand of the shelter, which is mostly during
morning and evening. The vertical installation prevents snow from accumulating on the
system. [145]

Figure 23. A residential PV/T system in Marseille (left), and the installation at Arpont Shelter (right).
Photos courtesy of Dualsun.

The German company Wiosun also has several installations in Europe. According to the
company, the market in Switzerland is promising because of the strict regulations regarding
building heating, while the German market is more difficult due to particulars in the subsidy
schemes [146]. Some examples of building integrated systems exist, such as the residential
building with Wiosun modules in Figure 24 (left). A product developed for buildings is shown
in Figure 24 (right), where Wiosun modules have been made with brick-red backsheets and
frames. [147]

19 Information from late 2014.
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Figure 24. A building integrated PV/T system with Wiosun modules (right) and red PV/T modules by
Wiosun. Photo: Wiosun [147]

3.2.3 Large scale PV/T-liquid systems with ground source heat pumps

Several authors conclude that uncovered flat plate PV/T collectors are promising when used in
combination with heat pumps [97, 120], perhaps especially in combination ground source heat
pumps with bore holes [148, 149]. Several of the smaller systems described in Section 3.2.2
also include heat pumps of different types, although typically not with the ground as the heat
source.

Probably the largest system to date is the PV/T system installed in the area Suurstoffi in
Rotkreuz-Risch, Switzerland. The second stage of the project was carried out in 2014 and
included over 3515 m? hybrid PV/T modules from the Swiss company Meyer Burger [150].
The modules are mounted horizontally on the buildings’ roofs, as shown in Figure 25. The area
is designed with a low temperature heating system, and the thermal output of the PV/T modules
is used for regeneration of geothermal boreholes. The system is an implementation of the Low-
Exergy building concept introduced by Professor Hansjiirg Leibundgut at ETH in Ziirich [151].
There are also other large systems in Switzerland, including the 1000 m? installation at WBG
Oberfeld close to Bern [152].

62



Figure 25. The Suurstoffi PV/T installation from above. Photo: Simon Biittgenbach/Meyer Burger
Group.

In Scandinavia, several relatively large-scale PV/T installations have been installed in Sweden
by the company Energiforbattring Viast AB (EFVAB), who markets and installs Wiosun
modules. One of the largest installations is Jattens Gomme in the Gothenburg region, where
400 m? of unglazed PV/T collectors, 272 kW combined heat pump power, and 28 bore holes
provide heating and hot water to 90 apartments. This is a refurbishment project, where PV/T
has been used to upgrade an under-dimensioned borehole installation. [148] Norway’s first
installation, in Bergen in south-west Norway, is still only in the planning phase, but will use a
similar concept with uncovered PV/T modules and ground source heat pumps [153].

PV/T and ground source heat pumps have also been studied theoretically by several research
groups. The topic will be further examined in Chapter 5 of this thesis.

3.2.4 Concentrating PV/T
Since concentrating PV/T collectors generally provide water of a higher temperature than most
flat plate collectors, they are more interesting for industrial and other non-residential projects.

The technology is proven to work in both hot and cold climates. An example from Sweden is
shown in Figure 19, where the Swedish manufacturer Absolicon’s concentrating PV/T
collectors are installed on a local hospital in Hérndsand, Sweden. The installation provides
electricity, heating, and solar cooling to the operation theatre and the dental clinic [154].
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Figure 26. A concentrating PV/T system from Cogenra. Photo: University of Arizona Tech Park.

An example from a hotter climate is the Cogenra installation on a building at the University of
Arizona Tech Park (Figure 26), which delivers 191 kW thermal and 36 kW electric power to
the building [155].

3.2.5 Conclusion

While the concept of PV/T modules was proposed already in the 1970s, it has not yet reached
a widespread use. The early developments focused mainly on design issues, material choices,
and performance testing. The research interest increased during the 1990s, possibly due to an
increased interest in energy efficient building technology. In the more recent research, many
studies also focus on applications of PV/T technology, for example in building energy systems.

A few international projects have been carried out to gather the research community and
establish the drivers and barriers for further development, including the IEA SHC Task 35 and
PVT Forum. The use of PV/T systems in residential buildings was pointed out as a potential
application, and the combination with heat pumps was seen as promising.

In the recent decade or so, the number of installed systems has increased rapidly, and gone from
largely custom-made components and pilot projects to commercial installations. During the
same time, a shift can be seen from PV/T-air systems to PV/T-liquid systems.

The rapid development and changes in the PV/T market shows that it has still not reached a
stable size. The market has also proven to be very sensitive to country-specific subsidy schemes
(or lack thereof). Recent developments in testing and certification, such as the introduction of
a Solar Keymark certification for PV/T modules, is of importance for further market
development.
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Chapter 4: Design of PV/T systems

4.1 PV/T system design

A PV/T module is a hybrid of a solar collector and a PV module, but also a complete technology
in itself. The design of PV/T systems is in a sense also a combination of design principles from
the two separate technologies, but some special considerations are required. The following
sections discuss design issues for PV/T systems, based on concepts from PV and solar thermal
system design.

4.1.1 Orientation

The orientation of a solar energy system is described by the direction it is facing (the azimuth)
and the tilt angle of the modules. The appropriate orientation depends on how the output is to
be used. For a grid-connected PV system with no restrictions on grid interaction, the objective
is most often to reach as high output as possible over the whole year. The optimal angle for
maximum output during the year can be established through geometrical calculations of the sun
height and irradiation, and depends on the latitude of the installation. The optimal tilt angle for
different locations in Scandinavia, as calculated by PVGIS, is shown in Figure 27.

i — |
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Figure 27. Optimal angle for solar energy installations in Scandinavia. Source: Google Maps (2016)
and PVGIS [156].

A distinctive feature of the solar resource at northern latitudes is the large contrast between
summer and winter, which was described in Section 2.1.1. This means that the optimal tilt angle
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in summer is lower, and the optimal tilt angle in winter is much higher than the one for yearly
optimal output. Solar thermal collectors are usually installed at higher tilt angles than PV
modules, since the thermal energy output is typically more valuable during spring, autumn and
winter, when the sun angle is low. In Scandinavia and other locations at high latitudes, it can
also be beneficial to install solar energy systems on fagades. For solar thermal systems, this
strategy helps avoid overheating during the summer while shifting the output towards spring
and autumn, the so-called shoulder seasons. For PV systems, it reduces the peak in the output
during summer and midday, which can be beneficial if there are restrictions on grid transfer.

In the case of installations on limited flat areas, such as flat roofs, the high tilt angles at northern
latitudes lead to problems with self-shading. There are in practice two alternative installation
strategies: the modules can be mounted at a close to optimal tilt angle and spaced with enough
distance to avoid shading, or they can be installed at a lower-than-optimal tilt angle, but closer
together. In the latter case, the modules may also be installed with two orientations, which
increases the number of modules that can be installed. Most of the recent large-scale PV
installations in Norway use dual-orientation design, with south/north or east/west facing
modules at low tilt angles. This increases the module area that can fit on a flat installation area,
such as a roof or field. However, the performance and output of each installed module is
decreased, compared to a system at optimal tilt angle.

The required distance d (m) in order to avoid row-to-row shading can be calculated according
to Equation ( 18 ), where b (m) is the height of the rows , # (°) is the tilt angle of the modules,
and y (°) is the sun height at noon on the “worst case” day, i.e. lowest considered sun height.
The sun height is the angle between the horizon and the sun. [157]

d=b- 51n(189 -B-v) (18)
sin(y)
As follows from Equation ( 18 ), the lower the sun height, the longer the required distance d
will be. Calculations for a flat roof in Oslo show that the required distance between rows of PV
modules installed at the optimal tilt angle is in the range of 10 m, if the sun height at noon in
January (around 7°) is used. However, since only a small fraction of the solar radiation is
available in winter, some degree of shading during this time might be tolerated.

The impact of shading on module performance is further discussed in Section 4.1.3. The impact
of the tilt angle and orientation on the energy output and emission balance of a PV system is
studied in Paper V, and discussed in further detail in Chapter 6.

4.1.2 Dimensioning

The dimensioning of grid-connected PV systems is relatively straight-forward if there are no
restraints on grid transfer. In buildings with specific energy targets, the PV system may be
dimensioned to cover the annual electricity demand, disregarding the mismatch in generation
and load. The grid is used as a buffer, and electricity is exported during times of surplus
generation, and imported during times when the demand is higher than the generation.
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If there are limitations on grid transfer, the PV system may have to be dimensioned to cover the
largest occurring loads, while avoiding excess export to the grid. As an example, the new
Norwegian legislation for so-called electricity prosumers (producers and consumers),
Plusskundeordningen, sets a limit to the power that can be exported to the grid [158]. At other
times, the dimensioning of PV systems is simply due to economic or space limitations.

Domestic solar thermal systems should be dimensioned based on the load. In Northern Europe,
it is not possible for a solar thermal energy system to meet the whole thermal energy demand
over the year (without and extremely large storage), due to the long heating season and limited
solar radiation during the colder part of the year. Solar thermal systems are therefore usually
dimensioned for the summer load, which includes only DHW. The space heating is of a lower
importance, at least for the dimensioning, since the thermal yield is lower during the cold
months [56]. The mismatch between energy demand and solar energy availability is shown in
Figure 28, exemplified by results for the Living Lab. The solar energy availability peaks during
summer, when the energy demand is lowest, and is basically zero during the coldest months.
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Figure 28. The energy demand versus solar radiation availability for the Living Lab, as simulated in
Polysun.

A well-designed solar energy system can cover around 40-60% of the annual DHW demand,
or around 15-20% of the combined demand for DHW and space heating [56]. An annual energy
yield of 300-700 kWh/m? collector area can be expected [54]. Scandinavian rule-of-thumb
values for dimensioning solar thermal systems are given in Table 3. The appropriate
dimensioning will of course depend on, among other factors, the actual DHW and heating
demand, as well as the orientation and type of solar collectors.
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Table 3. Rule-of-thumb values for dimensioning solar thermal systems for a single family residential
building in Scandinavia [56].

Type of system Collector area Storage volume Solar fraction
DHW only 4-6 m? 300-500 1 40-60%
DHW and space heating 8-15 m? 300-1000 1* 15-40%

* Depending on which other heat source(s) are used.

For a regular residential solar thermal system it is not efficient, economically or technically, to
install a larger system to achieve a higher solar fraction, since this will lead to excess energy
during the summer. The consequences are overheating, a lower efficiency of the system, and
also possible damage to components. As shown in Figure 28, an installation on the fagade would
have a less pronounced peak during the summer, which reduces the risk of overheating. In this
case, the system size can be increased to achieve a higher solar fraction in autumn and spring.

Due to the relatively low output temperatures, the dimensioning of uncovered PV/T systems is
similar to the dimensioning of PV systems. The risk of overproduction and overheating during
summer is low in Northern European climates. In the case of covered PV/T modules, the
dimensioning should be based on the same principles as for solar thermal systems, but the
installed area can be increased due to the lower thermal efficiency compared to solar collectors.

4.1.3 Shading and soiling

Shading and soiling of modules is probably one of the major problems for building integrated
and building added solar energy systems. Shading can be caused by e.g. chimneys, trees, or
neighbouring buildings. It is important to design the system so that shading is avoided, to the
extent this is possible.

The major soiling factor in Norway is snow coverage. An example from the Living Lab after
snowfall is shown in Figure 29. The tilt angle of the modules is steep enough to allow the snow
to slide off, but the shape of the roof stops the snow from sliding off completely. The snow also
sticks to the module frames, and in this case frameless modules could have reduced the problem
slightly.

68



Figure 29. ZEB Living Lab after a snowfall in late November 2015. Photo: Clara Good.

There are so far few studies of how much snow and other types of soiling affect solar energy
systems, in Norway or elsewhere. The impact of snow can be very site-specific, and local
measurements are necessary to get accurate information of the conditions. The new preliminary
version of the Norwegian standard NS 3031 [20] includes standardised values for the soiling
factor for solar energy modules at different locations and tilt angles in Norway. The values for
Oslo and Trondheim are presented in Table 4.

Table 4. Soiling factors for solar energy systems in Oslo and Trondheim, according to
prNS 3031 [20].

Tilt Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Oslo 0-15° 60 75 60 2 2 2 2 2 2 2 15 45
Trondheim (-75° 60 75 45 8 2 2 2 2 2 2 15 53
Oslo 15-25° 40 50 40 2 2 2 2 2 2 2 10 30
Trondheim [5-25° 40 50 30 5 2 2 2 2 2 2 10 35
Oslo 25-40° 20 25 20 2 2 2 2 2 2 2 5 15
Trondheim  25-40° 20 25 15 3 2 2 2 2 2 2 5 18

Due to the recent publication of prNS 3031 (December 2015) these values are not used in the
case studies described in this thesis.

In the case of PV modules, the relationship between the shaded module area and the reduction
in energy yield is not proportional. Depending on the type of module and how it is shaded, the
reduction in energy output may be very large. Since the modules are built up of strings of cells,
the shading of one cell will influence the current of the whole string, which will be reduced to
the level of the shaded cell.
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The principle is shown in Figure 30 for a thin film module and a crystalline silicon module. The
thin film module consists of one string of cells, connected horizontally in the figure. The
crystalline silicon module has two strings with bypass diodes. In the left figure, the lower part
of the modules is shaded. The power output reduction is around 10% for the thin film module,
the same as the shaded area. In the crystalline silicon module, cells in both the two strings are
completely shaded, which reduces the output of the module by almost 100%. In the right figure,
the power reduction in the thin film module is around 100%, since two cells in the string are
completely shaded. Only one string is affected in the crystalline silicon module, and the output
is therefore reduced by around 50%. [159] Since modern crystalline silicon PV modules
typically have three bypass diodes, the reduction in the right hand shading case would have
been around 33% if such modules had been used.

Thin film module Crystalline silicon Thin film module Crystalline silicon
module module

| ——

Reduction = 10% Reduction = 100% Reduction = 100% Reduction = 50%

Figure 30. The effects of shading on energy output are shown for two types of modules and two
shading cases. Figure from SolEL-programmet [159], used with permission.

Shading and soiling also affects the performance of solar thermal collectors, but in this case the
decrease in output is more or less proportional to the shaded area. Since PV/T modules contain
solar cells, they are affected in a similar way to PV modules. It is therefore important to avoid
shading and soiling as much as possible in the design of PV/T systems.
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4.2 PV/T and heat pump systems

4.2.1 Hybrid solar energy systems

Solar energy is a variable energy source. The annual and diurnal variations are regular and
predictable, but variations in weather and cloud conditions can create large fluctuations in the
energy output of solar energy systems. Such systems therefore need to be combined with other
energy sources into hybrid energy systems in order to provide uninterrupted and reliable energy.

Solar thermal collectors can be combined with several types of energy sources, for example
wood stoves, pellet burners, and heat pumps. The combination of solar thermal collectors and
heat pumps was extensively studied in [EA SHC Task 44 — Solar and Heat Pump Systems [160].

Since electricity can be exchanged with the grid, grid-connected PV systems do not necessarily
have to be combined with other energy sources (in addition to the grid) in order to meet the
electric as well as the thermal energy demand of a building. Off-grid systems typically use a
battery to store energy.

Nowadays, it is becoming more common to use PV modules in combination with heat pumps
of different types as an efficient way to provide space heating and/or domestic hot water in
buildings. One reason that this solution has gained some ground on solar thermal systems is the
massive price reduction of PV systems over the last decades. It is in some cases also easier to
install a PV and heat pump system than a solar collector system in existing buildings, at least if
air-to-air heat pumps are used, since it does not require additional piping or changes to the
building’s heating system. Heat pumps can also provide cooling if necessary.

In the PV/T Roadmap, the combination of PV/T and heat pumps for heating and domestic hot
water was pointed out as one of the most promising applications in the medium to long term
perspective [119]. PV/T systems need to be integrated into the thermal as well as the electric
system of the building. The thermal output of PV/T collectors is generally lower than that of
solar thermal collectors, and they therefore work best in solutions where low temperature heat
is useful. Low temperature hydronic heating systems, e.g. underfloor heating and modern
radiators are examples of such systems.

Since PV/T modules provide heating as well as electricity, they are especially suitable to use in
combination with heat pumps. The electricity output can be used to operate the heat pump,
which provides heating when the solar thermal output is not sufficient. The solar thermal output
can also be used as preheating for the source side of the heat pump or charging of the source.

The focus of this thesis is PV/T modules in combination with heat pumps, which are used in
both the two case studies. The PV/T modules are combined with an air-to-water heat pump in
the first case study (the ZEB residential concept), while a ground source heat pump is used in
the second case study (the Living Lab).
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4.2.2 Heat pump operation

A heat pump is a device that transports thermal energy from a lower temperature level to a
higher temperature level [161]. The process takes place in a closed loop where the heat transfer
medium undergoes continuous changes of state between liquid and vapour. The working
principle of a compression heat pump is shown in Figure 31.

Heat out
Liguid Superheated vapour
35°C | <
Condenser
Expansion Compressor
valve
Evaporator
_5°C i [
Liquid and vapour Dry saturated vapour
Heat in

Figure 31. The vapour compression cycle of a heat pump. Figure from CIBSE [162], used with
permission.

The refrigerant fluid in the circuit is at a low temperature and pressure when it enters the
evaporator. The refrigerant is heated in the evaporator, and thereby provided the latent heat
needed to vaporise. The vapour is compressed to a higher pressure by the compressor, which
also increases the saturation temperature (boiling point). The vapour is thus condensed, and
gives away its latent heat as useful heat in the condenser. The refrigerant passes through the
expansion valve, where the pressure is decreased before the cycle can start again. The thermal
energy input to the evaporator is collected from the environment, such as the air, the ground, or
a body of water. The temperature levels given in Figure 31 are representative for a ground
source heat pump system. Electricity is required to drive the process by powering the
compressor. [162]

The theoretical efficiency (&) of a heat pump is given by the Carnot cycle, according to
Equation ( 19 ), where T, (°C) is the temperature of the output side and 7i, (°C) is the
temperature of the input side [161].

Tout (19)

E =—
¢ Tout - Ti

The actual performance of a heat pump includes several losses, and is described by the
coefficient of performance (COP). The COP can be calculated according to Equation ( 20 ),
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where Pueiivered (KW) is the thermal power delivered from the heat pump, and Piypu (kW) is the
power input to drive the heat pump [161].

Pdelivered (20)

COP =
Pinput

The COP is an instantaneous value, that varies with the input and output temperatures. It is
therefore common to use the average annual performance or the seasonal performance factor
(SPF) when assessing their performance over time. The SPF, which is sometimes also referred
to as the seasonal COP (SCOP), is the ratio between the total energy input and the total amount
of energy delivered. [161] The SPF can also be calculated for the complete heating system and
must then include additional energy required by for example circulation pumps. In this thesis,
the average coefficient of performance of the heat pump over a given time period is referred to
as SPF, and the same factor for the whole system is referred to as SPFsys.

It follows from Equation ( 19 ) that the efficiency of a heat pump is increased with a decreasing
difference between input and output temperature. The relationship between the output
temperature and the COP (for an input temperature that is constant at 0°C) is shown in Figure
32 for a ground source heat pump.
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Figure 32. The relationship between output temperature and COP for the example of a ground source
heat pump (input temperature is constant at 0°C). Figure from CIBSE [162], used with permission.

In product datasheets, the COP of the heat pump is given based on the source and sink
temperatures, and the type of heat source and heat sink. As an example, the COP of an air-to-
water heat pump, working with an input temperature of 0°C and an output temperature of 35°C
would be noted as AO/W35 (this point is marked in Figure 32). The type of refrigerant in the
heat transfer circuit is also of importance, and should be given in the datasheet. [161]
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4.2.3 Air source heat pumps

Air source heat pumps use the ambient air to harvest energy. The heat pumps can either be
air-to-air or air-to-liquid. Several configuration options exist, including split or compact
systems and ducted or ductless systems [161].

The advantage of these systems are that they are relatively cheap and easy to install, since the
heat source is available everywhere and requires no ground work or special permissions [161].
Air-to-air heat pumps furthermore require just a simple installation inside the building, while
air-to-water heat pumps are connected to new or existing hydronic heating systems.

The disadvantage of using air as heat source is that the COP decreases with decreasing outdoor
temperatures, while the heating demand of a building increases. The match between high
efficiency and high demand is therefore low. However, there have been large developments in
air source heat pump technology during recent years, and air source heat pumps are now also a
good alternative for colder regions. The Swedish Energy Agency has tested air-to-air heat
pumps in Scandinavian climate, and concluded that the SPF of modern air source heat pumps
are in the range 2.8 to 4.1 in the south of Scandinavia and 2.3 to 2.6 in the northern part [163].

4.2.4 Ground source heat pumps

As the name implies, ground source!! heat pumps use the ground as a heat source for the
evaporator. They typically use the low temperature (<30°C) at relatively shallow depths (up to
200 m). [162] The heat stored in the ground is primarily solar heat, but it is also regenerated by
rain water. Below 15 m, the ground temperature is typically constant over the year, with a
temperature similar to the average air temperature at the site. The ground source temperature in
Scandinavia is between 2°C and 9°C. [161]

A major differentiation is made between closed-loop and open-loop systems. Closed-loop
systems use heat exchangers to extract heat from the ground, while open-loop systems pump
ground water. Open-loop systems require careful consideration of the surroundings, since the
circulated water needs to be disposed back into the environment, creating a flow and/or
temperature difference. [162]

The analysis in this thesis concerns closed-loop systems. Three closed-loop concepts are shown
in Figure 33. Vertical closed-loop heat exchangers are typically referred to as borehole heat
exchangers, while the horizontal type is sometimes called surface collectors [162].

11 “Geothermal heat pumps” is sometimes use as a collective name for heat pumps that harvest energy from the
Earth’s crust, which is primarily stored solar energy in the ground or aquifers. These should not be confused with
high temperature geothermal energy, which is harvested from geologically active sites. [162] “Ground source heat
pumps” will be used in this thesis.
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Vertical closed loop Horizontal closed loop Pond/sea closed loop

Figure 33. Ground source heat pumps with vertical and horizontal closed loop. Figure from CIBSE
[162], used with permission.

Borehole heat exchangers have the advantage of requiring a small surface area, while the
installation cost can be high. Horizontal collectors are less expensive to install, but on the other
hand occupies a larger area which cannot be built upon [162].

Ground source heat pumps are typically of brine-to-water type, where an anti-freeze medium
(brine) is used in the ground to avoid freezing of pipes [161]. The stable ground temperature is
advantageous for efficient heat pump operation. Ground source heat pump systems for heating
can typically reach SPFys values between 3.8 and 4.2, but the performance depends to a large
extent of the design of the complete heating system [162]. Tests by the Swedish Energy Agency
showed SPFsys values between 2.8 and 5.0 for a Scandinavian climate [164].

4.2,5 PV/T and ground source heat pump systems

There are several reasons that PV/T modules and ground source heat pumps would appear to
be a good combination, a number of which are mentioned in the previous sections. PV/T
systems can be used with ground source heat pumps in several types of system designs. Section
4.2.5.1 presents an overview of previous research, while a few possible system solutions are
outlined in Section 4.2.5.2.

4.2.5.1 Previous research

Solar thermal systems and ground source heat pump systems have been studied to quite a large
extent. PV/T systems in connection with ground source heat pumps are so far, however, the
topic of relatively few studies.

One of the ecarliest studies of a PV/T system with a ground source heat pump was done by
Bakker, et al. [33], who simulated a single family house in the Netherlands with the simulation
program TRNSYS. The study found that a PV/T system of 25 m? combined with a ground
source heat pump had the same output as a system with 26 m? PV modules and 7 m? collectors
and a ground source heat pump. Both systems covered up to 100% of the building’s heat
demand and almost all of the electricity demand of the heat pump, in addition to keeping the
ground at a stable temperature. The costs of the two systems were approximately equal, but the
PV/T system had the benefit of taking up a smaller area.

Bertram, et al. [32] combined simulations in TRNSYS with measurements over two years on a
39 m? unglazed PV/T system in Frankfurt am Main, Germany. The results showed an annual
temperature increase of 3K, which led to a 9% lower electricity consumption due to a higher
efficiency of the heat pump. The study also included an extrapolation over 20 years, which
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showed that the benefits of the system increased over time compared to a system without PV/T,
due to the solar regeneration of the ground. This is especially the case for under-dimensioned
boreholes. The additional PV yield was determined to be 4%, which was deemed not to justify
the installation alone. However, in some cases, such as building integration (and backside
insulation) of the modules, the benefits may be larger.

Ille, et al. [120], made a simulation study in TRNSYS of three typical PV/T systems. In
addition, the authors did a market survey of PV/T modules available in Germany. They studied
three different system configurations: PV/T and heat pump connected in parallel, PV/T and heat
pump connected in series and parallel, and finally PV/T and heat pump in series and parallel
with regeneration of a ground source probe. They found that the heat pump in series connection
increased the useful thermal output from the PV/T, since the operation of the PV/T modules
were determined by the operation of the heat pump and not only by the level of irradiation. The
largest share of useful thermal output was therefore in the winter. Only during the summer was
there direct charging of the tank. The increase in electric output of the PV/T was found to be
less than claimed by many producers. Furthermore, the authors found that regeneration of the
bore holes did not contribute to an improved system performance, since the use of pumps
consumed more energy than was gained. However, they suggested that the regeneration could
increase the performance of systems with under-dimensioned boreholes by preventing the
ground from cooling over time.

Entchev, et al. [35] studied a hybrid renewable energy generation system with a ground source
heat pump and a PV/T system, designed for load sharing between an office and residential
building in Ottawa, Canada. The analysis was made in TRNSYS. The system included heating,
cooling, and DHW preparation. They found that the combined ground source heat pump and
PV/T system resulted in an energy saving of 58% compared to a conventional system. The use
of a solar pre-heat tank connected to the PV/T collectors was found to increase the efficiency
of the collectors and thereby of the whole system. Due to the decreased grid-independence, they
suggested that it could be an attractive solution for remote areas. Using regeneration of
boreholes as thermal storage does not seem to have been studied.

Canelli, et al. [34] studied several cogeneration strategies in Naples, Italy, through simulation
in TRNSYS. The energy, COz emissions, and cost reduction from each of the alternatives were
studied. In addition to a ground source heat pump connected with a PV/T system, they also
studied a case with only ground source heat pump, and a case with fuel cells and ground source
heat pump. The PV/T and ground source heat pump showed the best performance, resulting in
a primary energy saving of 53.1% and a 52.0% reduction in CO; emissions, compared to the
reference case. However, the economic analysis showed that the economic payback for the
PV/T and ground source heat pump was the longest of the studied systems, with 18.5 years,
even though the operational cost of this system was low.

4.2.5.2 System design
The “conventional” way of combining solar thermal systems and heat pumps is by using the
heat pump as the backup load for the solar thermal systems during times of low solar
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radiation [165]. This type of connection is used with an air-to-water heat pump in the first case
study, which is described in Section 5.2. Solar thermal collectors can also be integrated on the
source side of the heat pump.

According to Braungardt, et al. [165] there is a growing number of solar thermal and heat pump
systems on the market, and they sometimes differ considerably from each other in design. The
major differences were found to be the type and sizing of heat sources, the type and
configuration of the storage system, the temperature level of the solar thermal component, and
the type of incorporation of solar thermal on the source and sink side of the heat pump.

An example of a solar collector and ground source heat pump connected separately to the tank
(sometimes referred to as parallel connection) is shown in the top figure in Figure 34. In this
case, the solar thermal component and the heat pump work mostly independently of each other,
supplying heat to the common storage tank for DHW. In this figure, the space heating circuit is
connected directly to the heat pump, but a buffer tank or combined tank can also be used for
DHW and space heating.

The lower figure in Figure 34 shows an integrated connection (sometimes referred to as a series
connection, or a coupled system) of a solar collector and heat pump. The solar collector can in
this case be used as input to the heat pump or injected to the ground. This solution is appropriate
for low temperature solar thermal components, such as unglazed solar collectors or PV/T
modules. For higher temperature solar components, the collector can also be connected to the
storage tank in addition to the heat pump, such as the connection in Figure 35.

The PV/T modules or solar collectors can be connected directly (as in Figure 34) or indirectly
to the rest of the energy system. In an indirect connection, for example as the one shown in
Figure 35, the output of the solar thermal component goes through a buffer tank before it is
used by the heat pump.

Regarding the integration of PV/T systems rather than pure solar thermal collectors with heat
pumps, the lower temperature of the former needs to be considered. PV/T modules may not be
as appropriate for direct use in domestic hot water preparation as solar collectors, or not during
as long a period of the year.

The energetic benefit of solar thermal and ground source heat pump systems depends on the
level of irradiation and the climate at the site of the installation. Girard, et al. [31] studied a
space heating system for a single family house with solar thermal collectors and ground source
heat pumps for 19 European cities at different latitudes. A system with only a ground source
heat pump, as well as a system with only electrical radiant heaters, were evaluated as references.
The results showed that the solar thermal coupling increased the SPFys values for all locations,
although the increase was significantly larger for southern locations than for northern ones. The
greatest difference between the systems with and without solar collectors was found for
locations with mild weather and high solar irradiation, such as around the Mediterranean. No
similar study for PV/T systems was found.
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Figure 34. An example of a separate connection of a solar collector and ground source heat pump
(top), and an integrated connection where the solar collector assists the borehole or the heat pump
(bottom). Figures from Braungardt, et al. [165] © Fraunhofer Institute for Solar Energy Systems ISE.
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Figure 35. A solar thermal and heat pump system with indirect connection between the solar collector
and heat pump. Figure from Braungardt, et al. [165] © Fraunhofer Institute for Solar Energy
Systems ISE.
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The control strategy and its implementation are key factors for the performance of the system.
The control strategy determines how and when each energy source is exploited, which
influences the performance of the system components as well as the energy demand of
circulation pumps and other equipment.

In a separate system, the solar thermal output should have priority over the heat pump, since
the efficiency of the solar thermal system can be very high. In integrated connection types, the
control strategy is more complex, and depends on e.g. the level of irradiation, the types of
components, and how they are dimensioned. So far, there has been no comprehensive analysis
of the performance of the different concepts. [165]

Complex control systems can also lead to increased energy consumption of the system
components. Studies by for example Kjellsson, et al. [166] has highlighted the importance of
the control strategy in order to ensure good operation of the systems. In this study, the authors
compared several versions of a small residential building with a solar thermal and ground source
heat pump system. In their system, the solar thermal collectors could supply heating for four
different purposes: producing DHW, directly for space heating, as input to the heat pump
evaporator, or to regenerate the borehole. The study concluded that the electricity required to
run the circulation pumps may easily exceed the energy savings if the solar thermal and bore
hole system is allowed to run whenever possible. Careful planning and energy efficient
components are therefore necessary.

The benefits of recharging the ground will also differ depending on e.g. the level of irradiation,
the temperature, and the design of the ground source heat exchangers. In the study by Kjellsson,
et al. [166] it was found that the effect of reduced energy withdrawal could be of importance in
systems with boreholes that were thermally influencing each other. Alternatively, boreholes in
new systems can be placed closer together. If the ground source system was originally working
well, the best use of solar thermal energy was for DHW in the summer and recharging in winter.

The large benefit of the systems with separate connection for the solar thermal component and
the heat pump is their relative simplicity [165]. According to one PV/T producer, the
complexity of PV/T systems has been the main limiting factor for its wider spread since it
requires a great deal from designers as well as installers [167]. The quickest development in the
short term is therefore expected be in simpler systems, even though there is a great potential in
well-designed systems with PV/T and ground source heat pumps.

A PV/T and ground source heat pump system is studied in the second case study in this thesis
(the Living Lab). The ground source used in this study is a vertical closed loop system, buried
at 1.5 m depth at the building site. The system is studied with separate as well as a direct
integrated connection between the PV/T system and the heat pump. In addition, two different
control strategies are analysed. The case building and its energy system are further described in
Section 5.3.
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Chapter 5: Energy performance of PV/T systems

5.1 Introduction

The energy performance of PV/T systems in Norwegian buildings has been evaluated through
simulations of two case buildings: the ZEB residential concept (Section 5.2) and the Living Lab
(Section 5.3). The case study of the ZEB residential concept is also described in Paper II. The
case study of the Living Lab will be submitted for publication.

Both case buildings are residential, single family houses designed and developed by the ZEB
Centre, and are relatively similar in size. The building models are based on previous research
in the ZEB Centre, with some adaptation. While the ZEB residential concept is only a
simulation model, simulated for Oslo climate, the Living Lab is an actual building on the
campus of the Norwegian University of Science and Technology (NTNU) in Trondheim.

The energy performance of PV/T systems are simulated and compared to systems with separate
PV modules and solar thermal collectors on the same building. The energy performance of each
solar energy system is evaluated based on the actual energy output, but also based on the
resulting energy balance of the building. The results for each case building are presented
separately, but the chapter is concluded with a discussion and conclusions for both case studies
in Section 5.4.

5.1.1 Energy performance simulations

The energy simulations are performed in the simulation program Polysun from Vela
Solaris [14]. Polysun is a dynamic simulation tool for solar energy solutions including solar
thermal, PV, and PV/T. The program can also be used to simulate various hydronic systems,
such as heat pumps and district heating systems. In addition, the program includes an extensive
database of commercial components, including PV/T, which has been used in the simulations.
The model of the ZEB residential concept was based on a model created by Laurent Georges,
which is described in detail in Appendix D of reference [72].

Not only the total energy demand, but also the energy demand profiles influence the energy
performance. The thermal load profiles, especially the DHW profile, influence the performance
of solar thermal systems, since the usefulness of the thermal output at each moment depends on
the load and the status of the storage. If there is no load and the thermal storage has reached its
maximum temperature, any further potential solar thermal output will be lost. The electricity
profile is important if the grid interaction is to be analysed, or if the system includes battery
storage.

At the time of writing, there was no measured data on energy demand available for either of the
two case buildings. In the first case because the building only exists as a simulation model, and
in the second case because the building had not been operational long enough. The input to the
simulation program was therefore a combination of data from standards and earlier studies. The
space heating demand for both buildings was simulated with the simplified building model in
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Polysun, which uses the total annual energy demand and the outdoor temperature to create an
annual profile for space heating.

In the ZEB residential concept, the DHW demand was simulated using the annual energy
demand from Houlihan Wiberg, et al. [6], given in Table 5, and the “Single family residential”
profile template from Polysun. No electricity demand profile was simulated in this case, but the
annual value from Table 5 was used in the calculations of energy balance.

For the Living Lab, the DHW and electricity demand profiles were both simulated in the same
way. The annual energy demand values from Finocchiaro, et al. [10], listed in Table 10, were
combined with hourly user profiles from the preliminary standard prEN 3031:2015 [20].

5.1.2 Selection of solar modules

The objective of the two case studies was to compare the energy performance of a PV/T system
to that of systems with separate PV modules and solar thermal collectors. The studies are
furthermore focused on solar energy components that are available on the market today, that is,
neither of the studies is an explicit evaluation of the future potential of PV/T modules. Since
PV/T modules combine two energy sources into one module, it is not possible to find solar
thermal, PV, and PV/T modules that are fully comparable in both electric and thermal
characteristics. If a PV/T module has the same efficiency as a PV module, its thermal efficiency
is typically lower than a solar thermal collector in the same market range, and vice versa. The
simulation results for the two case buildings are not compared, but only the systems on the same
case building.

The process of selecting modules for the systems was slightly different in the two cases. This
is further described in Section 5.2.2.1 and Section 5.3.2.1. A recent analysis of the PV/T market
in Germany by Adam, et al. [168] was used to identify available PV/T products, but also direct
communication with companies, and information included in Polysun’s database. In accordance
with the limitations in the scope of this thesis (see Section 1.2.2), only flat plate PV/T modules
with liquid heat transfer were considered.

5.1.3 Assessment methods

The energy performance of the systems were evaluated through different assessment methods.
Firstly, the thermal and electric energy output of the systems were determined through
simulation. Since the areas of the systems within each case study are slightly different, the
results were also normalized per installed area and per heated floor area (4y).

Secondly, the net zero energy balance, which was described in detail in Section 2.2.2, is
calculated for each case.

Thirdly, the load match and grid interaction indices are analysed. The calculation methods for
these factors are described in Section 2.2.4.
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5.2 Case study 1: ZEB residential concept

5.2.1 The case building

The residential concept model (Figure 36) was created by the ZEB Centre in 2012, together
with a similar concept model for an office building. The objective was to develop simple,
standardized models for two typical Norwegian buildings, which could be used for realistic
calculations and simulations of e.g. energy performance, embodied emissions, and energy
supply systems. The buildings are not real constructions, but exist only as models. The materials
and methods are, however, selected to represent what is currently available in the building
industry [6].

The focus in this thesis is only on the residential concept model, and not the office building. It
is described in detail in a report from the ZEB Centre [75], as well as in a subsequent publication
by Houlihan Wiberg, et al. [6]. The environmental impact of the building has furthermore been
investigated in a master thesis from NTNU [169].

Figure 36. The residential concept model. Figure from [75].

The building model has a simple rectangular shape and two storeys. The footprint is
approximately 8 m x 10 m, resulting in a total heated floor area of 160 m?. The building is
modelled with the climate for Oslo (59.9° N, 10.6°), which has an annual average temperature
of 6.3°C and an annual solar irradiation is 1000 kWh/m? on the horizontal 1200 kWh/m? on an
optimally inclined surface. The building is designed to fulfil the requirements of the Norwegian
passive house standard [170]"2.

5.2.1.1 Building energy system

The heating is provided by a 5 kW air-to-water heat pump and a solar collector system, which
are both connected to a 600 I storage tank for space heating and DHW. A simplified sketch of
the heating system is shown in Figure 37. The space heating is distributed by a low temperature

12 The Norwegian passive house standard has been revised since the residential concept model was created, and
the NS 3700:2013 is now available.
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hydronic system with floor heating (inlet/return temperatures 30/25°C) and radiators
(inlet/return temperatures 40/30°C). A tank-in-tank system is used for the tap water, with a
store temperature of 55°C and a temperature at the tap of 45°C. The DHW tank is heated to
70°C once per week to avoid legionella growth. The HVAC system also includes mechanical
ventilation with heat recovery. Heat recovery is also used on the grey water, i.e. the water from
dishwasher, showers, and washing machine.
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& DHW
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DHW tank
—— Electric heater
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Air-to-water e,
heat pump
-:_:
o
Space heating loop

Hot water storage

Figure 37. A simplified drawing of the heating system in the residential concept building.

5.2.1.2 Solar energy system in the original study

This section describes the configuration on of the solar energy system in the original study by
Houlihan Wiberg, et al. [6]. This system is used as a reference and a starting point for the present
case study, and will be referred to as the original system.

The original solar thermal installation on the building consists of 8.3 m? of vacuum tube solar
collectors. The system is dimensioned to cover most of the heating demand during the summer
months, when it is almost only due to the DHW demand, which is a common way to design
systems in Northern Europe. Design of solar thermal systems is further discussed in Chapter 4.

The building has a roof mounted PV system which provides electricity. The building has a flat
roof, which makes the design of the PV system a little more demanding with respect to self-
shading. In Oslo, the optimal orientation for yearly yield is 40° and south facing. This relatively
high tilt angle makes is necessary to have rather large distances between the rows in order to
avoid self-shading.

On the case building, the modules are mounted south facing at 15° inclination, which is a lower
tilt angle than the optimal. This means that the rows can be installed at a closer distance without
shading. In addition, the gap between the rows are used to install modules facing the opposite
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direction (north). Installations with lower tilt angles are more prone to snow pile-up, and a small
gap between the rows are kept to enable snow to slide off. A total of 69 m? PV modules can be
installed on the roof with this arrangement (49 m? south-facing and 20 m? north-facing) [75].

A further discussion on the design of PV systems on flat roofs is found in Section 4.1.1. The
effect of different system designs for the installation on the ZEB residential building is also
studied in Section 6.3.

5.2.1.3 Energy and emission balance

In the original study of the ZEB residential concept, the energy and emission balances of the
building were analysed based on supplied energy and energy demand [6]. The objective was to
reach a ZEB-OM balance (see Section 2.2.1), and the demand was therefore composed of the
operational energy and the energy embodied in materials. Since heating is provided by solar
thermal collectors and a heat pump, the only form of delivered energy is electricity.

The energy performance of the building was determined by simulations in SIMIEN [171] and
are shown in Table 5. Thanks to the efficient heating system with solar thermal collectors and
a heat pump, the amount of supplied electricity is a total of 6224 kWh per year, or 38.9
kWh/m?4,. This is the amount of electricity that has to be generated by the PV system in order
to reach a ZEB-O balance weighted by energy. [6]

Table 5. Simulated energy demand of the residential concept model [6].

Energy demand

kWh/year kWh/m? year
Space heating 3349 20.9
Domestic hot water 3811 23.8
Electricity 4074 25.5
Total 11234 70.2

The roof-mounted PV system in the original study generated 71 kWh/m?4, almost double that
of the supplied electricity, which means that a ZEB-O level was easily reached. However, the
authors of the original study concluded that the PV system had to generate a total of
94 kWh/m?4y electricity in order to reach a ZEB-OM level weighted by emissions, i.e. to
balance the operational as well as the embodied emissions. That is, only 75% of the electricity
needed to reach the ZEB-OM level was generated. [6]

The original version of the residential concept model had solar thermal collectors mounted on
the facade and high-efficiency PV modules installed on the roof. The two solar technologies
were therefore not directly competing for the space on the building. In the energy performance
analysis in this thesis, however, only the roof area has been used for solar thermal collectors,
PV, and PV/T modules.
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5.2.2 Analysis of alternative solar energy systems

5.2.2.1 Selection of modules

For this case study, an effort was made to use solar modules and collectors that represented the
market average in terms of performance. One average solar thermal collector (STayvg) and one
average PV module (PV.y) were selected, and a state-of-the art module was also included for
each technology in order to cover a wider market range (SThigh and PVhign). The characteristics
of the modules in the ZEB residential concept case study are shown in Table 6.

The PV/T market is still significantly smaller than the markets for both PV modules and solar
thermal collectors, and it was difficult to find a market average in such a small range of
products. Two types of flat plate PV/T modules were therefore used in an attempt to cover a
range of market options. High-performing modules were chosen for both types: one uncovered
and uninsulated with high electric efficiency (PV/Ta), and one covered and insulated with high
thermal efficiency (PV/Tb). The difference between uncovered and covered modules is
described in Section 3.1.2.1. It can be noted that the number of covered modules on the market
is very small, and the simulation of the PV/Tb module is therefore based on a more limited
amount of data.

Table 6. Characteristics of the solar collectors, PV modules and PV/T modules used in the simulations
of the ZEB residential concept.

Module Technology Gross area Electric Rated Thermal
efficiency at  electric zero-loss
STC* power efficiency, 7y
m2 % kWp %
STave Flat plate 2.00 - - 80
SThign Flat plate 2.00 - - 85
PV Poly-Si 1.65 15.8 260 -
PVhign Mono-Si 1.64 20.3 333 -
PV/Ta  Mono-Si, uncovered, 1.64 17.4 285 61.4
uninsulated
PV/Tb  Poly-Si, covered, 2.26 12.0 240 71.5
insulated

*Standard test conditions, see Section 2.1.3.1.

5.2.2.2 System design

Six different versions of the building were simulated, with six different solar energy systems
using combinations of the modules described in the previous section. Only the roof area was
used for the solar installations in the case study — not both roof and facade as in the original
case described above. The reason for not replicating this design was to eliminate variable
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parameters by keeping the area constant and all module types at the same orientation and tilt
angle. This strategy avoids a PV/T installation with two different orientations.

The roof area is approximately 8 m x 10 m, and the modules are installed at a 45° tilt angle.
This is close to optimal for PV modules, but solar thermal collectors would typically have been
installed at a slightly higher tilt angle. An analysis of the resulting shading revealed that only
two rows could fit on the roof at this tilt angle if unnecessary row-to-row shading were to be
avoided. This is one row less than in the original study, where the modules were furthermore
installed at a lower tilt angle and with dual orientations [6]. A more detailed description of how
shading influences the system design is found in Chapter 4.

Since the size and dimensions of market-available modules are used in this study, the active
area in each of the systems is not exactly the same. A generic spacing of 5 cm between modules
is used. A schematic drawing of the installations is shown in Figure 38. As the output of PV
modules is more dramatically influenced by shading than that of solar thermal collectors, the
latter are placed in the back row. (Note that the back row in building C and C* includes only
PV modules.)

10 m

Figure 38. A schematic drawing of the solar energy system design on the residential concept building.

The system parameters are shown in Table 7. The dimensioning of the system for building A is
based on the solar thermal system. In accordance with common design guidelines for Northern
European regions, the solar thermal system is designed to cover most of the thermal energy
demand during the summer months (here defined as May to August), when the heat demand is
only that for DHW preparation. The area of solar collectors required to do this is slightly smaller
with the high efficiency modules, which is why the collector area for building C* is smaller
than for building C. The PV/T modules have lower thermal efficiency than the solar thermal
collectors, and the required area is therefore larger for building B2.
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Table 7. The main parameters of the simulated system variants.

System Description Installed area Rated electric Tank volume
ST/PV/T/PV  power
m’ kW, /

A STave and PV, 10/0/21 34 1300

A* SThigh and PVign 8/0/23 4.7 1300

Bl Only PV/Ta 0/30/0 5.1 1800

B2 PV/Tb and PV, 0/16/17 43 1000

C Only PVaye 0/0/30 4.7 300

c* Only PVhign 0/0/30 6.0 300

Since covered and uncovered PV/T modules have different output profiles, two versions of
building B are evaluated: B1 with uncovered PV/T modules and B2 with covered PV/T
modules.

Due to the relatively low thermal output of the uncovered modules, it was not possible to reach
high thermal solar fractions with this technology. Simulations of building B1 with different
ratios between the PV/Ta and PVay module areas showed that the annual net energy, Ejer,
increased with increasing PV/T area, and uncovered PV/T modules were therefore used on the
whole roof area, maximising En.:. It was also found that a tank size of around 60 I/m? collector
was suitable for a larger PV/Ta system and a slightly higher tank volume to area ratio for smaller
systems.

The same design strategy as for solar thermal (building A) was used for building B2. That is,
the PV/T system was sized to meet most of the energy demand during summer, and the rest of
the roof area was covered with PV modules. Simulations showed that a PV/T area of around
16 m? (7 modules) was required in order to reach the same thermal coverage as for building A.

In building C and C*, all available roof space was used for a PV installation. This building
includes the same hydronic heating system as buildings A and B, but without the solar thermal
contribution. The tank size was therefore decreased to only work as a buffer tank for the heat
pump. The stand-by volume for the DHW was, however, kept the same as in the other systems.

5.2.3 Calculations

5.2.3.1 Energy output

As mentioned in Section 2.2.3.1, the primary energy value of the energy output from a solar
energy system can be calculated based on the value of imported and exported energy. No profile
for the electricity consumption is used in this case study and the interaction with the electricity
grid is therefore not considered in detail.
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A simplified calculation is used in this case study to evaluate the primary energy value of the
solar energy output. The method is based on the value of avoided electricity use, but without
considering grid interaction specifically. The electricity generated by the PV and PV/T modules
is considered to replace 1 kWh of electricity from the grid and is therefore given the value
2.3 kWhpk (primary energy) from Table 1. The thermal output from the solar energy systems is
considered to replace 1 kWh of thermal output from the heat pump. The average coefficient of
performance of the heat pump in this case study was 2.43, and 1 kWh thermal output from the
heat pump thus requires 0.4 kWh electricity from the grid. 1 kWh solar thermal output is
therefore given the value (0.4 - 2.3) kWhpg = 0.9 kWhpk.

5.2.3.2 Energy balance

The load/generation'? balance is used in the ZEB residential concept case study, and grid
interaction is therefore not considered in this case. The solar thermal load influences the
electricity loads by increasing or reducing the load of the heat pump and to some extent the
circulation pumps. It is equal to regarding the solar thermal system as an energy efficiency
measure rather than an energy source. The balance is therefore calculated using only the
electricity load and renewable electricity generation. This approach is similar to the one used
by Dokka, et al. [75] in the original study of the building.

The load/generation net energy balance can then be calculated according to Equation ( 11)
from Section 2.2.3.1, but adapted for the load/generation balance into Equation ( 21 ).

Ener = Egen,el - Eload,el (21)

Egenel generated electricity (kWh)
Eloadel electricity load (kWh)

5.2.3.3 Load match index (solar fraction)

Calculation of a generalized load match index fioqt; was shown by Equation ( 16 ) in Section
2.2.4. As mentioned, the load match index is also referred to as the solar fraction (SF) when
only solar energy is considered. In the present case study, the solar fraction for thermal energy
(SFu), and electricity (SFe) are calculated.

The solar thermal fraction is calculated according to Equation ( 22 ), where Qo is the thermal
energy to the systems, Qu is the auxiliary energy to the system, and Qjoqa is the thermal load
of the building.

13 In Paper 11, the calculated balance is erroneously referred to as the delivered/exported balance. It is in fact the
balance between load and generation that is calculated.
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The thermal load in the solar fraction can be calculated in several ways, depending on how the
system losses are allocated. With the calculation method in Equation ( 22 ), the losses are
divided between the solar and auxiliary heat sources.

An electric solar fraction (SFe)'* for the building, including also electric loads for the heat
pump, is defined according to Equation ( 23 ) where Ej; is the electric solar output, and Ejoaq is
the total electricity load of the building.

1 Ego1 (1)
SF,, =— E mm[1,L 23
et N Eload(t) ( )
year

SFe can here also be interpreted as the total solar fraction. The solar thermal output is included
as an energy efficiency measure, according to the method described in the previous section.

The yearly (N =1, ¢ =1 year) and monthly (N = 12, t = 1 month) solar fractions are calculated
in the study. For thermal energy, the summer solar fraction between May and August is also
calculated (N =4, t = 1 month, the sum only over four months).

5.2.4 Results

5.2.4.1 Energy output

The thermal and electric output of the six different solar energy systems are shown in Figure
39 in unweighted kWh, that is, without weighting between thermal and electric energy. The
thermal and electric energy demand of the building is shown for comparison.

14 In Paper II the total solar fraction SFy, is referred to as the ratio Eeporred/Edelivered-
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Figure 39. The thermal and electric energy output of the different systems on the ZEB residential
concept (unweighted kWh). The systems are described in Table 7.

The installed areas of the systems are different, and the energy output normalized per installed
area for each case is shown in Figure 40. Both the thermal and electric energy outputs are
divided by the fotal installed area, i.e. the sum of all installed modules in each system.
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Figure 40. The thermal and electric energy output normalized by the total installed area of the
different systems on the ZEB residential concept (unweighted kWh/m?).

Since the installed areas are relatively similar, the differences between the systems in Figure 40
are similar to those in Figure 39. Both the systems with PV/T modules have lower thermal and
electric output per area compared to the other systems.

The primary energy output is calculated with the simplified method described in
Section 5.2.3.1. The total (thermal and electric) primary energy output per installed area is
shown in Figure 41.
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Figure 41. The total (thermal and electric) primary energy output per installed area of the different
systems.
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5.2.4.2 Energy balance

The net energy demand (£,.) calculated with the load/generation balance is shown in Table 8§
for the different solar energy systems. The values are normalized by the heated floor area of the
building (160 m?). The net energy demand is shown for two of the ZEB ambition levels
described in Section 2.2.1, namely the ZEB-O level (operation), and the ZEB-O+EQ level
(operation, not including electric equipment). The value Ejaq is only shown for the ZEB-O level
(not ZEB-O+EQ), that is, it also includes the loads for equipment. As discussed earlier, the
thermal solar energy output is taken into account as a reduction in the load, which is why the
systems with high solar thermal output (A, A* and B2) have the lowest values of Ejouq.

Table 8. The net energy demand calculated for the ZEB residential concept.

System  Egen Eload Ewet (ZEB-O)  Eyo (ZEB-O-EQ)
KWhim’Ay — kWhim’Ay — kWh/m’Ay KWh/m Ay

A 18.6 424 237 1.7

A* 27.0 422 153 10.2

Bl 29.0 46.6 -17.6 7.8

B2 21.4 42.1 -20.6 48

C 26.4 473 21.0 45

C* 345 475 -13.0 12.4

The annual net energy, Ener (ZEB-O balance), is below zero for all systems, which means that
none of them reaches a net zero energy balance at the ZEB-O level. The system that comes
closest to reaching a balance is system C*, with only high-efficiency PV modules. The state-of-
the-art system with separate solar thermal and PV (A*) is the second closest to reaching a
balance, while the system with average PV and solar thermal (A) is furthest from a balance. Of
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the two PV/T systems studied, the system with only uncovered PV modules (B1) is closest to a
ZEB-O balance.

The thermal and electric solar fractions were calculated as described in Section 5.2.3.3, and the
results are shown in Table 9. The solar fractions with yearly energy output (N =1, =1 year)
are referred to as SFiyear and SFel, year, and the solar fractions calculated with monthly data
(N =12, t= 1 month) are referred to as SFi,month and SFeimonth. The value SF month (Summer) is
the monthly thermal fraction for the summer months (N =4, t = 1 month, only May to August).

System C*, which was closest to a ZEB-O balance, reaches an electric solar fraction of 73%
when yearly data is used in the calculation (SFeiyear), but 96% when the monthly data is used
(SF e, montn)- The solar thermal fraction of this system is, however, zero regardless of which time
interval is used since no thermal collector is installed.

Table 9. The thermal and electric solar fractions of the systems on the ZEB residential concept using
data for different time intervals.

System  SF,year SF thymonth SF th,month SFeiyear SF etymonth
(summer)
% % % % %
A 33 56 98 44 66
A* 33 57 99 64 96
Bl 9 17 38 62 85
B2 34 58 99 51 77
C 0 0 0 56 74
C* 0 0 0 73 96

System A* with high-efficiency solar thermal and PV reaches lower value of SFejyeq than
system C*, 64%, in the yearly calculation, but the same value, 96%, using monthly calculation
in SFet,monm. The solar thermal fractiom is 33% with the yearly data (SFi,year), but 56% with
monthly data (SFu,monh)-

Of the two PV/T systems, the value of SF,; is highest for system B1 with the yearly as well as
monthly calculation. The solar thermal fraction of system Bl is, however, lowest of all the
systems with thermal components, only 9% if calculated with the total yearly output. The
summer solar thermal fraction SF,mons (summer) is 38% for this system, compared to 98-99%
for the three other systems (A, A* and B2). Due to the use of a heat pump for auxiliary energy,
the systems with high electricity output score high in the calculation of SF;.. System A and B2
are the two systems with the lowest electricity output, and also the systems with the lowest
values of SFe;yeqar. However, when the electric solar fraction is calculated with the monthly data,
SF el monih,, System B2 scores higher than system C (77% versus 74%), because of the high solar
thermal fraction during the summer months.
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5.3 Case study 2: Living Lab

5.3.1 The case building

The Living Lab (Figure 42) is one of the laboratories of the ZEB Centre. It was first designed
as +Hytte, a concept developed by Finocchiaro and his architecture students [10]. The purpose
of the laboratory is to study the interaction between people and technology, and how this
influences e.g. the energy demand. For example, the building is equipped with different types
of heating systems, motor-controlled shading systems and windows, as well as an extensive
sensor system. As the name suggests, the Living Lab will be occupied by actual people who
have volunteered to be part of the experiments. The building is described in more detail in
reference [172]. The construction was finished in late 2015, and the first volunteers moved in
shortly after.

Figure 42. The ZEB Living Lab, as seen from the south. (Photo: Clara Good)

The building is located on Campus Gleshaugen of the Norwegian University of Science and
Technology (NTNU) in Trondheim. It is a one storey building with a total heated floor area of
approximately 100 m?. The two roof areas are south-facing with a 30° tilt angle (the optimal in
Trondheim is around 40°).

The interior has an open and flexible floor plan which can be adapted for different living
conditions. Close cooperation with industry has led to custom-made solutions, such as PCM
panels integrated into the ceiling, and aerogel windows. A more detailed description of the
building and the planned experiments can be found in Goia, et al. [173]. The following
description of the technical systems are taken from this publication, if not otherwise specified.

5.3.1.1 Building energy system

The baseload heating in the Living Lab is provided by a brine-to-water heat pump with a
horizontal ground collector as the heat source. The ground collector consists of 105 m? plastic
piping which is buried at around 1.5 m depth on the north side of the building. As in the
residential concept building, a storage tank is the centre of the HVAC system. The tank in the
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Living Lab is a combined tank with a total volume of 400 1, composed of a 240 | DHW tank in
the upper part, and a 160 I tank for space heating in the lower part. The water circuit from the
heat pump is connected to the lower buffer tank in a “tank-in-the-flow” configuration. A
simplified sketch of the system is shown in Figure 43.
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Figure 43. A simplified sketch of the heating system in Living Lab.

5.3.1.2 Solar energy system

Similar to the ZEB residential concept building, the Living Lab has both solar thermal collectors
on the fagade and a PV system on the roof. The 4.2 m” solar thermal collectors (Figure 44) are
integrated in the fagade next to the south-facing windows. The solar collectors are also
connected to the buffer tank in the lower part of the combined tank (Figure 43).

The 79.2 m? roof-mounted PV system is visible in Figure 42. It consists of 48 PV modules, with
polycrystalline silicon solar cells. The total installed power is 12.48 kW), and the PV system is
connected to the electricity grid via two 3.2 kW inverters.

Strictly speaking, the modules are not fully integrated into the roof, but added to an already
weather proof roof surface of tar roofing and an added plastic membrane. The PV modules can
therefore not be said to be a part of the building envelope, which is the definition of building
integration. These types of systems are sometimes referred to as in-roof systems (indach in
German).
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Figure 44. The fagade-integrated solar thermal collectors on Living Lab. Photo: Clara Good.

Due to the shape of the roof on the Living Lab, the solar cell system on the back (northern) roof
is subject to significant shading. In order to minimise the effects of shading, the modules are
installed in two vertically oriented strings on each roof area. The modules are furthermore
installed in landscape orientation, which helps to reduce the effect of shading (see Section
4.1.3). The system has at the time of writing not been in operation long enough to have given
any statistical data on snow cover. Snow cover is not taken into account in the case study, but
a 3% soiling throughout the year is assumed. The effects of shading and snow covering on
solar energy systems, and strategies to minimise them, are discussed in more detail in Chapter 4.

5.3.1.3 Energy and emission balance

The energy demand for three versions of the building was simulated by Finocchiaro, et al. [10].
Table 10 shows the energy demand for the most energy efficient of the three versions, which is
used as the basis for the present study. Even with this version, the Living Lab did not comply
with the Norwegian passive house requirements, partly due to the large volume of the building
compared to the floor area.

96



Table 10. The energy demand of the Living Lab [10]".

Energy demand

kWh/year kWh/m’ 4y year
Space heating 2848 27.9
Domestic hot water 3040 29.8
Electricity 2349 23.0
Total 8237 80.8

Finocchiaro, et al. [10] found that the required delivered electricity to the building (based on
the demand in Table 10) was 37.8 kWh/m? per year, distributed as 23.0 kWh/m? for direct
electricity use, 13.8 kWh/m? for the heat pump and 0.96 kWh to run the solar thermal system.
To balance this load with onsite generation, a PV system with a yearly output of around
3900 kWh would be required.

However, the ambition in the original study was for the building to reach a ZEB-OM balance
weighted by emissions. The authors also calculated an emission balance based on emission
factors for grid electricity, and an approximated value of the embodied emissions of
5.0 kg COzq/m?4; per year over a 60 year lifetime. The embodied emissions were
approximately equal to the emissions associated with the delivered electricity (the operational
emissions). In order to reach a ZEB-OM balance based on emissions, the authors calculated
that a PV output of around 7800 kWh'® would be required

The analysis of the embodied emissions was later done in more detail by Inman and Houlihan
Wiberg [12], who concluded that the embodied emissions are much higher. A study of the
emission balance of the building with the different solar energy systems is the topic of
Section 6.4 of this thesis.

5.3.2 Analysis of alternative solar energy systems

5.3.2.1 Selection of solar modules

In this case study, the PV/T modules were selected taking the actual installation of PV modules
on the Living Lab into consideration. Market-available PV/T modules with similar electric
efficiency and area were selected. The selected PV/T modules were of the uncovered type, and
the thermal efficiency of the modules were therefore lower than that of the solar thermal

collectors. The characteristics of the modules used in the Living Lab case study are shown in
Table 11.

15 The energy demand per area is the same as the one simulated by Finocchiaro et al., but the total energy demand
is slightly lower due to a change in the heated floor area of the building. The required energy output of the PV
system is here calculated with the new area.

16 This value is calculated according to the equation used by Finocchiaro et al., but has been adjusted for the new
and slightly smaller heated floor area.
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Table 11. Characteristics of the solar collector, PV module, and PV/T module used in the simulation

of ZEB Living Lab.
Module Technology Gross area Electric Rated electric  Thermal zero-
efficiency at power loss efficiency
STC* no
m’ % kW, %
ST Flat plate 2.09 - - 81
PV Poly-Si 1.65 15.8 260 -
PV/T Mono-Si, 1.64 15.8 260 58

uncovered

*See Section 2.1.3.1

5.3.2.2 System design

The design of the PV/T system on Living Lab follows a similar strategy as in the case study of
the ZEB residential concept. As in the first case study, it was decided to use only the roof area
(and not the facade) for the PV/T installation, in order to avoid a PV/T system with dual
orientations.

Neither the shading of the south roof on the north roof nor snow cover is taken into account in
this study due to limitations of shading modelling in the simulation program. An annual soiling
factor of 3% is used to account for e.g. dirt on the modules.

In addition to the different solar technologies, a secondary focus in the Living Lab case study
was the connection between the solar energy system and the ground source heat pump. In the
first four systems, the thermal solar components (collectors or PV/T modules) and the heat
pump have separate connections to the tank, as shown in Figure 43, and work more or less
independently of each other.

In Systems 5, 6, and 7, the thermal solar components and the heat pump have been integrated.
The concept is shown in Figure 45. This type of system can have several modes of operation.
In this simulation study, three different modes are used for the solar thermal components:

A) DHW preparation: The solar thermal output is used to heat the water in the combined
DHW and space heating tank.

B) Heat pump assistance: The solar thermal output is used as input to the heat pump on the
source side. The solar thermal flow is mixed with the ground source flow (if necessary)
to provide an appropriate temperature for the heat pump.

C) Idle: The solar collector temperature is too low to provide heating to the tank or to assist
the heat pump. Any necessary heating is provided by the heat pump.

Which of these modes that is used at any given moment is determined by a control system.
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Figure 45. A simplified sketch of the system on Living Lab, with integrated solar thermal and heat
pump connection.

Several different systems were analysed, and the main parameters are summarised in Table 12.
All the systems have the same installed electric power (12.48 kW), except for System 3 and 5,
which have a slightly smaller PV system (11.7 kW,,). All of the systems also have the same
auxiliary heat source (3.5 kW heat pump and 105 m ground collector).

System 1 is the existing system on the Living Lab, with PV modules on the roof and solar
thermal collectors in the fagade. The solar collectors and the heat pump are separately connected
to the storage tank. System 2 is similar to System 1, but without the fagade mounted solar
collectors. In System 3, the solar collectors are moved to the roof, and the PV module area is
consequently reduced. The heat pump and solar collectors are connected to the tank separately,
as in System 1 and System 2. System 4 is similar to System 2, but the PV modules have been
replaced by PV/T modules.

The solar installation in System 5 is the same as in System 3 (solar collectors and PV on the
roof), but the integrated solar thermal/heat pump connection is used. The control strategy is to
always use Mode A when the temperature is high enough, i.e. when the temperature of the
output from the solar thermal component is higher than the temperature at the input level in the
tank (cut-in and cut-off temperature differentials are used). Mode B is used when the
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temperature from the solar thermal component is too low for Mode A, but higher than the
temperature of the output from the ground loop. In all other cases, Mode C is used.

Table 12. An overview of the system parameters for the different systems on the Living Lab. The tilt

angle of the roof'is 30°.
System Solar technologies Installed area Heat pump/solar connection
1 PV + 79.2 m2 PV (roof) + Separate
solar thermal 4.2 m2 solar thermal (fagade)
2 PV 79.2 m2 PV (roof) N/A
3 PV + 74.3 m2 PV (roof) + Separate
solar thermal 4.2 m2 solar thermal (roof)
4 PV/T 78.7 m2 (roof) Separate
5 PV + 74.3 m2 PV (roof) + Integrated, DHW priority, no
Solar thermal 4.2 m2 solar thermal (roof) seasonal control
6 PV/T 78.7 m2 (roof) Integrated, DHW priority, no
seasonal control
7 PV/T 78.7 m2 (roof) Integrated, DHW preparation

during summer (Apr-Sep), heat
pump assistance during winter

System 6 and System 7 have the same solar installation as System 4 (PV/T on the whole roof)
but an integrated connection between PV/T and heat pump. The control strategy in System 6 is
the same as in System 5, namely temperature control with priority for Mode A (DHW
preparation). In System 7, the mode of operation is seasonally controlled. Mode A is used
during summer, whenever the temperature in the PV/T collector is high enough, and Mode B
is used during winter. Several variations of the length of the summer season were simulated,
but the one used in System 7 is April to September, since this system reached the highest value
OfEnet.

5.3.3 Calculations

5.3.3.1 Energy output

The energy output in primary energy is calculated in the same simplified way as for case
study 1. Electricity from the solar energy systems is given the value of avoided electricity from
the grid (2.3 kWhpg). The average COP of the heat pump is in this case 3.89, which gives a
thermal primary energy factor of 0.59.

5.3.3.2 Energy balance

The exported/delivered energy balance is calculated according to Equation ( 12) from
Section 2.2.3.1, using the non-renewable primary energy factors from Table 1. Since the non-
renewable primary energy factor for PV electricity delivered from onsite (fpgen.ciPy)) is zero, the
equation can be simplified to Equation ( 24 ).
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Enet = (Eexp,el,tmp ' fP,exp,el,tmp + E:exp,el,grid ' fP,exp,el,grid) - Edel,el ' fP;del;el (24)

5.3.3.3 Load match and grid interaction

The load match and grid interaction calculations were described in Section 2.2.4. The thermal
load match (solar fraction, SFy) is calculated using yearly and monthly data. The grid
interaction factor for electricity (fgridel) is calculated using monthly and hourly data.

5.3.4 Results

5.3.4.1 Energy output

The thermal and electric output of the systems are shown in Figure 46 as unweighted kWh, with
the building energy demand as comparison. Comparing this figure to Figure 39, it can be noted
that the installed system areas are significantly larger than the ones on the ZEB residential
building, while the building itself is smaller and consequently has a lower energy demand. The
electric system area is also significantly larger than the thermal system area for all systems
(except those with PV/T).
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energy
demand

Figure 46. The thermal and electric energy output of the different solar energy systems on the Living
Lab in unweighted kWh. The building energy demand is shown for comparison.

The installed areas are different also in this case study, and the energy output per installed area
is shown in Figure 47. The energy output is divided by the total installed area, according to the
same principle as in Figure 40. It should be noted that the solar collectors and PV modules in
System 1, the original system, are installed with two different orientations (vertically on the
facade and at 30° tilt on the roof), while in all the other cases, all modules are installed on the
roof.
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Figure 47. The energy output normalized by the total installed area for the different systems on the
Living Lab in unweighted kWh.

The electricity output is more or less similar for all the systems, but slightly smaller for the
PV/T systems. The output in kWh per total installed area is largest for the PV/T systems with
an integrated heat pump connection (System 6 and System 7) and smallest for the solar thermal
and PV/T system with separate heat pump connection (System 4). The solar collector and PV
system with an integrated heat pump connection (System 5) has a slightly increased output
compared to the system with separate connection (System 3).

The thermal output in kWh is largest for the PV/T modules on System 6 and System 7, but the
output temperature is different from the systems with pure solar collectors. The output also
depends on the type of connection to the heat pump. The temperature during operation of the
thermal components of the systems are shown in Figure 48. The average temperature of the PV
modules is also included in the graph.
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Figure 48. Solar collector or PV/T module temperature during operation for the system on the Living
Lab. The average PV module temperature for System 2 is also included.
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The module temperature during operation is significantly lower in System 6, where the PV/T
collectors assist the heat pump, compared to all the other systems with thermal output. The
PV/T modules in System 6, which assist the heat pump during summer, are also slightly cooler
than the PV modules (shown for System 2 in the figure) during this period, which could suggest
that using PV/T modules in this way could also improve the electricity output. The PV/T
modules that operate in DHW mode during summer (System 4 and 7) reach higher temperatures
than the PV modules. The same is true for all the PV/T systems during October to April.
System 4, where the PV/T modules are separately connected to the storage tank, does not
contribute at all during November to January (the values in Figure 48 are zero since the module
is not in operation during this time).

The total primary output, as determined by the simplified calculation method described in
Section 5.3.3.1, is shown in Figure 49 , normalized per heated floor area (47 = 102 m?). The
primary energy output is highest for the PV/T systems with the integrated heat pump
connections (System 6 and System 7) and lowest for the PV/T system with separate heat pump
connection (System 4). The primary energy output per installed area of System 2, with only
PV, is higher than that of Systems 1, 3, and 5, with solar collectors and PV, because of the
higher primary energy value of electricity.
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Figure 49. The total (thermal and electric) primary energy output per total installed area for the
different systems on the Living Lab.

5.3.4.2 Energy balance

The net energy (Ene) is calculated according to the exported/delivered balance described by
Equation ( 24 ), and the results are shown in Table 13. The values for temporary exported and
later imported electricity (Eexp,eimp), surplus exported electricity (Eexp,eigrid), and delivered
electricity (Ederer) are also shown in the table, calculated using the factors from prEN15603 [74]
shown in Table 1. The non-renewable primary energy factors from Table 1 are used. Since the
non-renewable primary energy factor, and thereby the primary energy value, for solar energy
delivered from onsite is zero, this item (Egener) is not included in the table.
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Table 13. The exported/delivered net energy balance for the systems on the Living Lab, calculated as
primary energy per heated floor area Ap.

System Eexp,et,tmp Eexp,elgria Edelel Enet (ZEB-0)
kWhpe kWhpe kWhpe kWhpe

1 50.0 116.7 57.5 109.2

2 51.2 114.3 58.8 106.6

3 50.1 106.3 57.6 98.8

4 51.0 104.6 58.7 97.0

5 51.1 105.1 58.8 97.5

6 53.2 108.3 61.1 100.3

7 53.4 110.0 61.5 102.0

In contrast to the first case study, all systems result in a positive net energy, that is, a ZEB-O
balance is reached for all the cases. The highest value of E., is reached by the original system
(System 1), which also has the largest installed area. Of the other systems, which are all similar
in area and orientation, the highest value is achieved for System 2, with only PV, followed by
the two systems with PV/T and an integrated connection with the heat pump (System 6 and
System 7). The system with PV/T and separate heat pump connections (System 4) has the
lowest value of Eyer.

5.3.4.3 Load match and grid interaction

The solar thermal fraction SFy; calculated with yearly and monthly data are shown in Table 14,
as well as with the monthly data for the summer months only (May-August). The grid
interaction index (fg-) calculated with monthly and hourly data is shown in the same table. The
total solar fraction SF;,s was 100% for all the systems, when calculated with yearly as well as
with monthly data, since the solar energy systems cover the total energy demand in all the cases.

104



Table 14. The thermal solar fraction (SFu) and grid interaction index (fgia) of the different systems on
the Living Lab, using data for different time intervals.

System  SFuyear SFth,month SF th,month forid,month foridhour
(summer)
% % % % %
1 13.2 17.1 26.3 44.9 23.5
) ] ] - 45.0 235
3 16.3 233 49.3 45.7 23.7
4 0.0 0.1 0.2 45.7 20.7
5 18.1 25.1 51.3 459 23.7
6 22.6 27.0 46.6 45.5 21.6
7 19.8 11.1 0.0 46.5 21.7

The thermal solar fraction calculated both with yearly and monthly data is highest for System 6,
with PV/T modules and heat pump in integrated connection, with no seasonal control. The
highest value during summer is for System 5, with PV and solar collectors on the roof in
integrated connection with the heat pump, and System 3, with PV and solar thermal on the roof
in separate connection with the heat pump.

The thermal solar fraction is lowest for the original system (System 1), where the solar
collectors are mounted on the facade. However, the solar thermal output and thermal solar
fraction during spring and autumn is slightly higher for the fagade mounted collectors. Figure
50 presents a comparison of the thermal output and thermal solar fraction of System 1 and
System 3, showing that the fagade mounted collectors perform better during these so-called
shoulder seasons.
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Figure 50. The solar thermal output (lines) and thermal solar fraction SFy (dots) of System 1, with
facade mounted collectors, and system 3, with roof mounted collectors.

As described in Section 2.2.4, the grid interaction indeX, fgri4, is @ value of how much the grid
transfer varies over the studied period. It does not show if the transfer is export or import of
electricity. The grid interaction index is relatively similar for all the systems. The value of fgia
calculated with monthly data is highest for System 7, with PV/T and heat pump in integrated
connection with different summer/winter operation. This might be a result of the lower solar
thermal output during summer which means that more electricity is needed for the operation of
the heat pump.

For fgria calculated with hourly data, System 4 with separate PV/T and heat pump connection
stands out as significantly lower than the rest of the systems. The values for the two other
systems with PV/T (Systems 6 and 7) are also lower, which could simply be due to the slightly
lower PV output of these systems.

5.3.4.4 Heat pump and ground source loop

The seasonal performance factor (SPF) of the heat pump is shown in Table 15. The table also
shows the seasonal performance factor of the whole system (SPFsys), which also includes
energy use of circulation pumps and the electric heater in the tank. Both factors are calculated
for the whole year.
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Table 15. The seasonal performance factor of the heat pump, SPF, and of the total energy system,
SPF for the different systems on the Living Lab.

System SPF SPFys
1 4.0 3.4
2 4.0 3.1
3 4.0 3.5
4 4.0 32
5 3.9 3.4
6 3.6 29
7 3.8 3.1

Even though the solar energy output is largest in Systems 6 and 7, these systems do not have
the highest value of Eyer, nor the highest SPF and SPFsys values. Table 15 shows that the systems
without an integrated connection between heat pump and solar energy components
(Systems 1-4) have higher values of SPF and SPFsy. The highest values are achieved by
System 3, with PV and solar thermal collectors on the roof.

One of the reasons for using an integrated connection is to recharge the ground to prevent
cooling of the ground over time. None of the analysed systems actively recharge the ground,
but they allow the ground to recharge naturally by assisting the heat pump during parts of the
year. To evaluate the effect of this, the systems were also simulated after 20 years of operation.
The ground loop outflow temperatures after 1 year and after 20 years of operation are shown in
Table 16, together with the annual energy withdrawal from the ground loop.
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Table 16. Annual energy withdrawal from the ground together with the temperatures during year 1
and year 20 of operation for the systems on the Living Lab.

System Energy from ground Outflow temperature Outflow temperature

loop from ground loop, from ground loop,
year 1 year 20

kWh °C °C

1 4937 5.50 5.30

2 5428 5.30 5.10

3 4796 5.50 5.30

4 5273 4.60 4.30

5 4454 5.50 5.30

6 3284 6.00 5.90

7 3693 5.90 5.80

The energy withdrawal from the ground is highest in the systems with the lowest solar thermal
energy output (System 2 and 4), and lowest in the systems with the highest solar thermal output
(Systems 6 and 7). The difference between the three systems with the lowest (System 6), highest
(System 2), and middle (System 3) withdrawal is shown in Figure 51. System 6, where the
PV/T modules assist the heat pump all year, has a consistently lower energy withdrawal than
the other two systems. The energy withdrawal from the ground during the summer is
significantly higher in System 2, with only PV modules, than in System 3, with PV and solar
collectors, since the solar thermal collectors cover around half of the total thermal energy
demand during this period.
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Figure 51. Energy withdrawal from the ground loop for three of the systems on the Living Lab.

The temperature in the ground is affected by the energy withdrawal over time. Table 16 shows
the change in the annual average outflow temperature of the ground loop over time. The systems
with lowest energy withdrawal have the smallest temperature changes. However, the largest
change is around 0.3°C, which is almost negligible.

5.4 Discussion and conclusions
Two case studies of PV/T systems in residential buildings have been presented in this chapter
in order to evaluate the energy performance of different solar energy systems.

The case studies share some similarities: both are single family residential buildings in Norway,
both are designed according to energy efficiency principles, and both use solar energy systems
in combination with a heat pump. In addition, the two cases are pilot buildings of the ZEB
Centre.

The main difference between the buildings is that the first one, the ZEB residential concept, is
only a model while the second one, the Living Lab, is a recently constructed building. The
former is also significantly larger, but the latter has a larger volume compared to the floor area.
The ZEB residential concept has a flat roof where solar modules are installed in rows, while the
system in the Living Lab is semi-integrated into the sloped roof. The choice of heat pump is
also different: the ZEB residential concept has an air-to-water heat pump and the Living Lab a
ground source heat pump with a horizontal collector.

Both case buildings are studied using simulations of different solar energy solutions. The
original solar energy system did in both cases include PV modules and solar thermal collectors
in combination with a heat pump. Alternative energy systems were designed to study the effect
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of the choice of solar energy technology on the energy output and performance of the energy
system, as well as the overall energy balance of the building.

The solar energy system on the ZEB residential concept is significantly smaller than that on the
Living Lab when compared to the heated floor area of each building. It also has a higher area
ratio of thermal collectors compared to PV modules.

5.4.1 Weaknesses and uncertainties

A weakness in both case studies, which was also touched upon in Section 1.3.4, is the difficulty
of performing a comparative analysis. The basis for comparison in both case studies has been
the energy demand of the case building and the area available for the installation. Within these
boundaries, the selection of “comparable” systems is still difficult due to the large number of
possible variations.

A difficulty in comparing PV/T modules to PV and solar collectors is that the energy output of
PV/T modules is in the form of two energy carriers — electricity and heat — compared to only
one energy carrier from PV modules or solar thermal collectors. The question is therefore
whether the technologies should be rated and compared based on their electric or thermal
performance, or based on some other standard?

Two different approaches were taken in the case studies, each with its benefits and drawbacks.
In the first case study, the modules were selected based on their performance relative to other
modules in the same market. The problem with this solution is that the best PV module and the
best solar thermal collector are much better than the best PV/T collector on the market in terms
of efficiency. The development of PV/T technology has a long way to go to reach the same
maturity and robustness as PV and solar thermal technology, and the performance of the
state-of-the art PV/T modules can therefore be expected to increase in conjunction with an
increase in the size of the market. In addition, it is also a relatively difficult basis for
comparison, since none of the compared modules had the same rated efficiency.

This study only focused on currently available technology, for PV/T as well as for PV and solar
thermal technologies. It is difficult to predict the future for PV/T technology, as it depends on
both technological and market developments. Some future research areas have been discussed
by Michael, et al. [112], including development of better adhesives, improved lamination
methods, and the use of nanotechnology. Better certification and testing standards are also
important for the PV/T market development [174].

In the second case study, the comparison was based on the electric efficiency of the PV
modules. This mode of comparison proved to be more robust. The focus on electric efficiency
also made sense, since unglazed PV/T modules were primarily used as a replacement for PV
modules, and reaching a high solar thermal fraction was not the primary objective.

The general uncertainties and weaknesses related to energy simulations were discussed in
Section 1.3.3. As in all simulation studies, the results may deviate significantly from the
performance of a real system. Due to the lack of PV/T installations in Norway, and the fact that
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no measurement data is available for any of the case buildings, there has been no effort to
compare the simulated data to real measurement data. In addition, the thermal load of the
building was calculated using a simplified method in Polysun based on annual values from
previous publications. The impact of shading on the Living Lab systems was disregarded due
to the limited possibilities to model shading in Polysun. It is possible that taking shading into
account would have altered the results since it would have affected the thermal output of the
PV/T modules more than the thermal output of the solar thermal collectors, as the former covers
both the south roof area and the shaded north roof area. Solar thermal collectors were only
installed on the unshaded south facade or south roof. Weather and irradiation data for northern
latitudes is also, in general, an uncertainty. However, the objective of the case studies was to
compare different energy systems for each case separately. The absolute values are therefore of
less importance than the differences between the systems in the same case study.

5.4.2 Case study 1: ZEB residential concept

In the first case study, the energy output in unweighted kWh was largest for the two systems
with solar thermal collectors (A and A*). In primary energy output, however, the output was
higher for the two PV/T systems (B1 and B2) than for the systems with average PV modules
and solar collectors (A and C), but it was highest for the systems with high-efficiency PV
modules and solar collectors (A* and C¥).

The net energy, Ee;, calculated at the net ZEB-O ambition level, is negative for all the systems
in case study 1. This means that none of them reaches a net ZEB-O energy balance. If the
ambition level is lowered to ZEB-O+EQ, all the systems reach a balance. The systems that are
closest to reaching a net ZEB-O balance are systems A*, with high-efficiency PV and solar
thermal collectors, and C*, with high-efficiency PV modules. The third closest system is the
one with only uncovered PV/T modules (system B1). The system that is furthest from a balance
is system A with average PV modules and solar collectors.

The annual SPF of the heat pump is a sensitivity factor in the analysis. The SPF is around 2.3
for the systems with a high solar thermal fraction (A, A*, and B2), and 2.5 for the other systems.
The SPF is increased since the heat pump is also operational during the summer, when the
outdoor temperatures are higher. The same heat pump was used in all the systems and was
dimensioned for the winter load, when outdoor temperatures are lower.

The thermal solar fraction is similar for the three systems A, A*, and B2, with covered PV/T
collectors, since the solar thermal fraction was the basis for the system design. The solar thermal
fraction of system B1, with uncovered PV/T collectors, is low. The thermal output of this
system is small and of low temperature, which means that an auxiliary energy source is
necessary also during summer.

The electric solar fraction, which is also the total solar fraction since the auxiliary heat source
is a heat pump, is highest for the systems with highest electricity output, namely systems C*
and B1, and for system A*, with high solar thermal output and relatively high electricity output.

111



The two PV/T systems analyzed in the first case study were based on the design of system A,
where the solar modules and the heat pump are connected in parallel, and the performance could
no doubt be improved with further system adjustments. In particular, the uncovered PV/T
system would work better if it was used for preheating, since the temperatures in the collectors
are not high enough, even during summer, to provide heating of domestic hot water.

5.4.3 Case study 2: Living Lab

In the second case study, the energy output of a PV/T system was shown to be higher than a
similarly sized system with PV and solar thermal collectors, or only PV modules, in unweighted
energy as well as in primary energy. In the system with an integrated solar thermal and heat
pump connection, the thermal energy output in kWh/m? total installed area was increased by
up to 45% in the systems with PV/T modules compared to a the system with separate PV
modules and solar collectors. The system with a separate PV/T system and heat pump
connection had the lowest energy performance of all the simulated systems.

The electricity output was decreased by around 1% in the PV/T systems compared to a similarly
sized PV system. This is contrary to the idea of improved electricity output in PV/T modules
due to the increase of PV efficiency, but in line with findings presented in e.g. the PV/T
Roadmap [119]. The average temperature of the PV modules in System 3 is lower than that of
the PV/T modules. As shown in Figure 48, however, the PV/T modules that assist the heat
pump during summer are cooled as a result. A different control system could probably have
increased the cooling, resulting in higher electricity output. A system where PV/T modules
were only connected to the source side of the heat pump, and not to the tank, would probably
also have been more appropriate.

Due to among other factors the increased energy demand of circulation pumps the seasonal
performance factor (SPFsys) of the systems with PV/T modules was not higher than that of the
systems with PV modules and solar thermal collectors. The system with the highest value of
SPFsys was in fact the one with only PV modules.

The net energy, Ene, was larger (i.e. there was a larger energy surplus over the year) for the
systems with PV/T with an integrated connection to the heat pump than for the system with PV
only. However, the value of £,.; was largest for the system with PV modules and solar collectors
side by side. All systems on the Living Lab resulted in a positive net ZEB-O balance by a large
margin. As discussed in Section 4.2.5, the control system and its implementation are key factors
to system performance. The system design in the Living Lab case study could no doubt be
significantly improved to reach a better performance of the system.

The annual solar thermal fraction was largest for the PV/T systems with an integrated heat
pump connection. The solar thermal fraction calculated with monthly data for the summer
SFmonth (summer), is, however, largest for the system with separate PV modules and solar
thermal collectors. None of the systems reach very high solar thermal fractions; the solar
thermal collector area would have to be increased to reach higher values. The solar fraction of
the PV/T system with a separate connection to the heat pump (System 4) is next to zero,
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showing that unglazed PV/T modules are not suitable for direct preparation of DHW in a
Scandinavian climate.

The grid interaction index was relatively similar for all the systems when calculated with
monthly data (fgriamonn). There was a larger difference when the calculation was performed with
hourly data (fgrianour), and the grid interaction factor was then lowest for the three systems with
PV/T modules. One possible reason is that these three systems have the highest energy use by
circulation pumps, which could mean lower levels of electricity export to the grid. Further
analyses of self-consumption of the generated energy could have provided more information
on the actual dynamics.

The two systems with an integrated PV/T and heat pump connection (System 6 and 7) have the
lowest values of energy withdrawal from the ground. The ground is therefore allowed to
recharge naturally during summer. As a result, these two systems also have the lowest levels of
ground cooling over a 20 year period. However, the ground cooling is in this case negligible
for all systems. The case building studied here had a horizontal ground collector at a shallow
depth (1.5 m). It is possible that the avoided ground cooling would be a larger benefit in the
case of a vertical borehole ground collector.

5.4.4 Final remarks

The results of the two case studies give no clear responses to the question of whether it would
be better to install a PV/T system than a system with separate PV modules and solar thermal
collectors. The performance of the systems are to a large extent case-specific, and factors such
as location, type of auxiliary heat source and other components, and modes of connection have
a large influence on the results.

Results from the ZEB residential concept case study suggest that covered PV/T could give an
increased output compared to solar thermal collectors. This analysis is, however, quite uncertain
since the analysis is based on a small number of products. This is due to the fact that the number
of collectors with this technology available on the market is very small. The small market for
covered collectors could partly be due to the material challenges involved in producing these
types of modules due to higher temperatures and more demanding thermal cycling compared
to uncovered modules.

The system with uncovered PV/T modules holds up well in this comparison where electricity
is favored, but the thermal output is small and of low temperature, which means that an auxiliary
energy source is necessary also during summer. Integrating the solar thermal collector to the
source side of the heat pump, such as in the second case study, might have improved the system
efficiency.

The Living Lab case study indicates that there is be a benefit of integrating solar thermal or
PV/T systems on the source side of a ground source heat pump, compared to using the
components separately from each other. However, the potential benefit might just as easily
disappear due to an increased electricity demand for e.g. circulation pumps. The control strategy
and implementation are key factors which determine the performance of the system.
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Based on experiences from review of earlier research as well as actual installed systems, the
integrated solar thermal or PV/T and ground source heat pump system design appears to be
beneficial for refurbishment of under-dimensioned ground source heat pump systems, or
systems where the energy load has increased. The second case study showed that the use of a
PV/T system to assist the ground source heat pump resulted in lower energy withdrawal from
the ground. For new systems, the use of integrated system design means that the ground source
collectors can be made smaller or installed closer together while still providing the same amount
of heating to the building.
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Chapter 6: Environmental impact of PV/T systems

6.1 Introduction

6.1.1 Scope of the analysis

This chapter deals with the emissions related to solar energy systems, in particular to PV/T
systems. As mentioned earlier, solar energy systems, especially those including PV cells, can
be responsible for a large share of the total embodied emissions of a building.

There has been quite extensive research related to the embodied emissions of PV systems, and
to some extent solar thermal systems, but a rather limited amount of research on PV/T systems.
This is especially true for commercial products. A review of previous research on the
environmental impact of PV/T systems is given in Section 6.1.2 and Paper IV.

The first part of this chapter deals with the embodied emissions of PV/T modules. A life cycle
assessment of a PV/T module which was performed based on data from two commercial
producers of unglazed PV/T modules is presented in Section 6.1.3.7.

The second part of the chapter focuses on how the design of the system influences the embodied
emissions, as well as the emission balance of the building. The first case building, the ZEB
residential concept, is used for this study, which deals only with PV systems. The study is
presented in Section 6.3 and Paper V.

The third part of the chapter is focused on how the choice of solar technology influences the
embodied emissions and emission balance of a building. The emissions associated with PV/T
modules and systems are compared to the emissions of separate PV and solar thermal systems.
The second case building, the Living Lab, is used in this study, which is presented in Section
6.4. The inventory of the specific embodied emissions of the PV/T modules that were
determined in Section 6.2 is used as an input.

6.1.2 Review of previous research

A detailed study of previously published research on the environmental impact of PV/T
modules is given in Paper IV, and only a summary is presented here. In general, there are few
available studies on the environmental impact of PV/T modules and systems.

All studies included the balance of system (BOS) in the calculations, but they differ in what is
included in the BOS, and how often (if ever) the components are replaced. Not all of the studies
follow the LCA methodology, as described by ISO [87], or use only parts of it. Two commonly
used impact factors are the global warming potential at 100 years (GWP100), as defined by
IPCC [9], and the cumulative energy demand (CED) or primary energy resources (PER). Some
of the research groups have used the LCA software SimaPro [175] to perform their analyses.

A general conclusion is that the payback time in both energy and greenhouse gas emissions of
the PV/T systems are much shorter than their expected lifetime, and that PV/T installations

115



therefore “make sense” environmentally. However, due to the unclear method and lack of
sources in some of the publications, it is sometimes hard to evaluate the validity and the
transferability of the results.

An overview of the results of the embodied energy and emission factors, energy payback time
(EPBT), and greenhouse gas emission payback time (GPBT) found in the review is given in
Table 17. Not all of the publications included values for embodied energy and emissions per m?,
but it has been calculated based on data given in the publication whenever possible (calculated
values are shown in italic text in the table).

As shown in the table, most of the studies were focused on PV/T-air modules. The analysed
systems are located in Asia, Australia, and Southern Europe. The irradiation (when given) is
around 1200-1650 kWh per year. None of the studies analysed systems in areas with lower
levels of irradiation or colder climates. The energy output of the systems, which is a very
important parameter in the calculation of payback times, was sometimes approximated or
calculated in a simplified way. Most of the analysed systems are at least partly custom-made,
and no study describing the industrial manufacturing of PV/T modules were found.

The study presented in the following sections was made to try to address some of the issues that
were missing from published studies, namely analysing commercial PV modules in a Northern
European climate with lower levels of irradiation.
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6.1.3 Method

6.1.3.1 Assessment of embodied emissions

The embodied emissions of the solar energy systems are determined using life cycle
assessments (LCA). The LCA methodology was described in detail in Section 2.3. Details on
the goal and scope, the life cycle inventory (LCI), and the impact assessment of each analysis
is presented in each section.

The analyses presented in this thesis cannot be considered full LCAs, but only life cycle impact
assessments (LCIA). The LCA standard is quite extensive and a full LCA has to include, among
other things, a comprehensive reporting including an assessment of data quality, reference
flows, and the categorisation models. In addition, an LCA that will be disclosed to the public
should preferably undergo an external review. Furthermore, the analyses presented here focus
only on one impact category, namely the global warming potential at 100 years (GWP100a), as
described by the Intergovernmental Panel on Climate Change (IPCC) [9]. A full LCA should
include analyses of a comprehensive set of impact factors.

6.1.3.2 Guidelines and methodologies

Any LCA is sensitive to assumptions, approximations, and generalizations made by the LCA
practitioner. It is therefore difficult, or even impossible, to directly compare the results of
different LCAs to each other. In order to conform as much as possible to other studies, two
LCA guidelines have been used in the following analyses.

The first one is the Methodology Guidelines on Life-Cycle Assessment of Photovoltaic
Electricity [79], which was published in the project IEA PVPS Task 12 — PV Environmental
Health and Safety. This set of guidelines gives suggestions for e.g. the lifetime of PV modules
and components. The suggested lifetime for mature PV technologies is 30 years, based on
common commercial warranties of 25 years and the expectation that modules will last beyond
their warranties. Since the PV/T modules that were analysed in this thesis also had a warranty
of 25 years, their lifetime is assumed to be the same as for PV modules. Inverters and other
electric components are assumed to have a lifetime of 15 years, and they therefore require one
replacement during the lifetime of the PV system.

Solar thermal systems are not mentioned in the guidelines. According to [80], solar thermal
systems can be assumed to have a lifetime of 20-25 years. Previous LCA studies of solar thermal
systems assume a 25 year lifetime for the solar collectors, 15 years for pumps and other
equipment, and a recommended replacement of the heat transfer fluid every 10 years [180]. In
the analysis of different solar technologies in Section 6.4, the lifetime of the solar thermal
system is assumed to be 30 years to simplify the comparative elements of the analysis. A
sensitivity analysis is also performed with a lifetime of 20 years.

The other set of guidelines, which is presented in the upcoming publication “A Norwegian ZEB
Definition Guideline” [73], describes the methodology used in the ZEB Centre. This report
includes a complete methodology for the assessment of embodied emissions of materials,
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calculation of the net zero emission balance, and reporting of results. The methodology
described in the report has been followed as far as possible in this thesis.

The recommendation in the ZEB Centre guidelines is to assume that a new building has a
lifetime of 60 years, which means that the solar energy systems will need to be replaced once.
It also recommends to use the functional unit 1 m? heated floor area per year (1 m?4p/year) in
the analysis of a whole building. The benefit of using this unit is that it is similar to the common
form of reporting the energy performance of a building, namely in kWh per m? heated floor
area per year. According to the guidelines, it is also recommended to report the total embodied
emissions (kg COaeq) of the building. [73]

The system boundary can be defined according to the process stages given in EN 15978 [85].
The definition of the ZEB ambition levels according to these process stages was given in Figure
16.

6.1.3.3 Emission factor

The ZEB Centre guidelines also recommend to use the ZEB ultra-green grid factor, which was
described in Section 2.2.3.2 [73]. The value of this factor is declining from the value of the
current EU grid (0.361 kgCO2e¢/kWh) down to 0.032 kgCOa2eq/kWh in 2050. Average grid
factors are used in studies presented here, and the averages are calculated over the number of
years that are analysed in each case. The full lifetime of the building (60 years) is used in the
study of the impact of system design (Section 6.3), which results in an average ZEB ultra-green
grid factor of 0.132 kgCOz¢¢/kWh. In the study of the impact of the choice of solar technology,
the lifetime of the solar energy systems (30 years) is used, which results in an average ZEB grid
factor of 0.238 kgCO2eq/kWh. Symmetric emission factors (fG#G,e,sym) are used in both analyses,
meaning that electricity is given the same emission value regardless of whether it is imported
from or exported to the grid.

The ZEB ultra-green scenario is quite optimistic regarding the development of the European
electricity grid as well as the implementation of energy efficiency measures in Europe. In each
of the studies, the current average EU factor (0.361 kgCO2¢q/kWh) is also used to provide an
analysis with a more pessimistic, or conservative, outlook of the grid development. This grid
factor is assumed to remain constant over time in the analyses.

The emission factor of the solar energy systems is calculated in the two case studies in
Section 6.3 and Section 6.4. This factor, which is sometimes also referred to as the emission
rate, is calculated by dividing the total embodied emissions of the systems by the energy output
during their lifetime. The unit of the emission factor is kg COz/kWh and it is directly
comparable to the grid emission factors.

6.1.3.4 Net avoided emissions

The net avoided emissions, GHGepr (kg COzeq), are defined in this study as the emission
reduction (avoided emissions) that a PV system contributes to during its lifetime, when the
embodied emissions of the PV system has been subtracted. It is therefore the net contribution
to reduced emissions from the PV system.
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The net avoided emissions are calculated according to Equation ( 25), where GHGuvoided,
(kg CO2ey/year) are the avoided emissions due to renewable energy generation during year j,
Eempodiearv (kg COz¢q) are the embodied emissions of the PV modules, and Npy (years) is the
expected lifetime of the modules.

Npy

GHGpetpy = z GHGavoided,j — GHGempodieary (25)
Jj

6.1.3.5 Emission payback time and return on investment

The greenhouse gas payback time (GPBT) is the number of years of operation it takes the solar
energy modules to generate enough renewable energy to offset the emissions caused by their
production, by replacing non-renewable forms of energy [181]. The GPBT calculations in this
thesis focus only on renewable electricity which replaces electricity from the grid.

GPBT is calculated as shown in equation ( 26 ), where GHG empodicarv (kg CO2¢q) are the total
embodied emissions of the technology and GHG avided year (kg CO2¢q/year) are the emissions that
are avoided per year due to the replacement of grid electricity.

GHG i
GPBT = embodiedPV (26)

GHGavoided,year

The average value of avoided emissions over the 30 year lifetime of the modules is used here,
which is a simplification. If the avoided emissions were instead calculated using e.g. the
variable grid emission factor shown in Figure 15 the GPBT would be shorter, since the grid is
associated with higher emissions during the first years. The method used here therefore leads
to conservative values of GPBT.

The impact of different technologies and products can also be assessed using the greenhouse
gas return on investment (GROI), first introduced by Reich-Weiser, et al. [181]. GROI is
calculated as the lifetime of the technology divided by the GPBT. The GROI is a dimensionless
number, analogous to the metrics economic return on investment (ROI) and energy return on
investment (EROI). A GROI below 1 indicates that the technology does not bring about a net
reduction in emissions. Neither GPBT nor GROI is a measure of the energy generated by the
PV modules in absolute terms; a high GROI can either be the effect of low embodied emissions
or a high energy output.

It should be noted that while the factors £y refers to a particular building, the GBPT and GROI
only concern the PV modules and are therefore independent of the building energy demand.

6.1.3.6 Zero emission balance

The annual net emissions (GHG.) are calculated according to Equation ( 15) from Section
2.2.3.3. Since symmetrical grid emission factors are used it can be simplified to Equation ( 27 ).
The net emissions are calculated as an annual value, and the embodied emissions (GHGembodied)
are therefore also annualized based on the expected lifetime of the system or the building in
question.
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GHGnet = (Eexp,el - Edel,el)fGHG,sym,el - GHGembodied (27)

Eexp.el exported electricity (kWh)
Edetel delivered electricity (kWh)
JGHG,sym,el GHG factor for electricity (symmetric) (kg COaq/kWh)

GHGembodiea  annualized embodied emissions (kg COaeq)

Equation ( 27 ) shows the net emissions calculated using the delivered/exported balance, which
is used in the study of the Living Lab presented in Section 6.4. In the case study of the ZEB
residential concept, presented in Section 6.3, the net emissions are instead calculated using the
load/generation balance. Equation ( 27 ) is used also in this case, with Eexp,erreplaced by Egen,er
and Egerer replaced by Eioad,el.

6.1.3.7 Sensitivity analysis

Life cycle assessments and environmental impact assessments are inherently connected to high
levels of uncertainty. The use of generic, statistical, or average data is the source of uncertainty,
as well as the use of different practices and methods. A typical LCA includes several links
between materials and processes, which means that uncertainties also propagate through the
chain of analysis. There is also uncertainty related to the impact assessment methods, and it
increases further if endpoint indicators are used.

The data on materials and processes in Ecoinvent includes uncertainty distributions, which
indicate a range of possible values. The standard is lognormal uncertainty distribution, which
occur when values with normal distribution are multiplied. [91]

SimaPro uses Monte Carlo simulations to perform sensitivity analyses, based on the uncertainty
distributions of the impact of materials and processes. A model in SimaPro is typically made
up of a large number of materials and processes. A Monte Carlo analysis uses randomised
values within the uncertainty distribution of each material or process to calculate a range of
statistically probable results for the final model. [91]

Monte Carlo simulations with SimaPro are used in the comparison of the environmental impact
of different solar energy technologies in Section 6.2.

6.2 Embodied emissions of PV/T modules

In the review of previous research, no analyses of commercially or industrially produced PV/T
modules were found. On the other hand, the available information on the environmental impact
of PV modules and solar thermal collectors was to a large extent based on industrially produced
modules. It was therefore important to also evaluate the environmental impact of commercially
produced PV/T modules in order to enable a fair comparison of the solar technologies.

Detailed production data for any product is hard to come by, and it is especially so for products
on a small and relatively new market such as that of PV/T modules. The analysis presented here
is based on information from two European producers of unglazed flat plate PV/Tmodules [182,
183]. The provided information was mainly quantities of materials used in the module, their
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country of production, and to some extent descriptions of the production processes and energy
demand.

6.2.1 Description of the modules

The information from neither of the two producers was complete, and it was combined to model
a generic commercially produced PV/T module. The generic module is therefore not a perfect
representation of either of the two products, but is considered to be a more representative model
of amodern, commercial PV/T module. The information from producer A was given as material
quantities, and in some cases the country of production, of the major components in the module.
The information from producer B was more detailed about the origin of the components, but
less so about the quantities of materials. Information on energy use in the production was also
given by producer B. Information on specific producers or countries of production was not used
for the generic PV/T module, which is assumed to be manufactured in an unspecified European
country.

Both the PV/T modules are made in Europe, but the production processes are a little different.
PV/T module A has a heat exchanger that is laminated to the module during the original
lamination process of the PV cells, to form one integrated laminate. The heat exchanger is
produced by two stainless steel sheets that are stamped and welded together, which means that
the water can flow across most of the module’s backside. The module has a thin aluminium
frame (0.6 kg per module). Producer A manufactures exclusively PV/T modules.

The absorber in PV/T module B is attached to the PV laminate by a plastic frame. The
attachment process includes heat treatment, which according to the producer is a relatively
energy intensive and expensive process. In the second generation of their PV/T modules,
producer B has abandoned this technology in favour of aluminium frames. PV/T module B has
no aluminium frame. As in PV/T module A, the heat exchanger is made of thin stainless steel,
but with channels or groves from the top to the bottom of the module. Producer B makes PV
modules, as well as PV/T modules. Information about energy demand during production was
also received from producer B, which showed that the production of their PV/T modules
demanded 2-3 times more energy during production than a comparable PV module.

6.2.2 Life cycle assessment

6.2.2.1 Goal and scope definition

The goal of this assessment is to calculate the embodied emissions of a generic, commercial
PV/T module. The analysis is performed cradle-to-gate, that is, only process stages A1-3 are
included (see Figure 16). A flow chart of the included processes is shown in Figure 52.

The functional unit is 1 m? of produced PV/T module. This unit is chosen to enable easy
comparison to other solar technologies. The calculation does not include any other components
than the module, nor does it include energy generated by the module. These factors will be
taken into account in the assessment of the complete system (Section 6.4).
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Figure 52. The flow chart describing the processes included in the assessment of the PV/T modules.
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6.2.2.2 Life cycle inventory

The life cycle inventory is based on a combination of generic data from Ecoinven
from the two PV/T producers mentioned above. Since an uncovered PV/T module (which is
analysed in this case) bears most similarity to a PV module, the process model of a PV module
from Ecoinvent is used as a starting point. Modifications are made according to the information
provided by the PV/T producers.

t'7 and data

Both PV/T modules use monocrystalline silicon solar cells, and the process model “Si-mono
PV panel (RER)'®” from Ecoinvent 3.1 is therefore used. This process model uses global market
data for the materials, but the production is modelled with European energy mix. Global market
processes in Ecoinvent represents and average based on the composition of the global market
It also includes a generalized value for transportation.

The inventory for PV modules in Ecoinvent has not been specifically updated between versions
2 and 3 of the database, although some of the included processes have changed. This means
that some of the data is relatively old, parts of it from as far back as 2001. The PV industry has
undergone a substantial development during this time and the data may not be representative of
modern PV modules. The PV module from Ecoinvent was updated in this study in order to
mitigate this, and also to enable fair comparison with the PV/T module which is based on
current practices. The following changes were made to the Ecoinvent model:

e The PV cell thickness was changed from 270-300 pm to 200 um. This is more in line
with current standards, and is also similar to information from the PV/T module
producers [45].

e The glass was changed from 4 mm to 3.2 mm, based on the PV module currently used
in the Living Lab [184].

e The amount of material for the aluminium frame was reduced from 2.63 to 0.36 kg per
1 m? module. This is similar to the aluminium frame used in PV/T module A.

The most important materials in the two PV/T modules (to the left, in grey) and the generic
PV/T module (based on the information from these two) is shown in Table 18. Information on
the updated PV module is shown in the same table. The complete inventory of the generic PV/T
module is shown in Table A.1 in Appendix A. The complete inventory for the updated PV
module is shown in Table A.3 in Appendix A.

17 The default allocation version of all Ecoinvent processes are used unless otherwise specified.

13 Some terminology from Ecoinvent is used in this chapter. Global market processes are denoted “(GLO), market
for”, while country-specific production processes are denoted “([country code]), production”. RoW stands for
“Rest of World”, RER means Europe without Switzerland, and FR stands for France.
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Table 18. Inventory of the most important materials in PV/T module A and B (left, in grey), the generic

PV/T module, and the updated PV module from Ecoinvent 3.1.

PV/T module A PV/T module B PV/T module PV module
(laminated) (glued) (generic, based on (updated from
PV/T A and B) Ecoinvent 3.1)

PV cells Mono-Si cells Mono-Si cells Mono-Si cells Mono-Si cells

60 pc 48 pc 60 p 60 pc

Thickness: 200 pm Thickness: 200 pm 200pum thickness Thickness: 200 pm

Origin: France Origin: Germany Origin: Global* Origin: Global*
Glass Solar glass Solar glass Solar glass Solar glass
cover Thickness: 2 mm Thickness: 3.2 mm Thickness: 3.2 mm Thickness: 3.2 mm

Origin: Belgium Origin: Germany Origin: Global* Origin: Global*
Lamination EVA EVA EVA EVA
material Thickness: 0.6 mm Thickness: 0.46 mm Thickness: 0.5 mm Thickness: N/A

Origin: Japan Origin: N/A Origin: Global* Origin: Global*
Backsheet  Polyvinylflouride Polyvinylflouride Polyvinylflouride Polyvinylflouride

film (3 layer) film (3 layers) film film

Thickness: 0.42 mm  Thickness: N/A Thickness: 0.42 mm  0.37 mm thickness

Origin: Austria Origin: Germany Origin: Global* Origin: Global*
Frame Aluminium Plastic Aluminium Aluminium

0.36 kg/ m? module Amount not known 0.36 kg/m* module 2.63 kg/m2 module

Origin: Turkey Origin not known Origin: Global* Origin: Global*
Heat Stainless steel Stainless steel Stainless steel Not included
exchanger  Thickness: 1.2 mm Thickness: N/A Thickness: 1.2 mm

Origin: France Origin: N/A Origin: Global*

Comment: Laminated Comment: Glued to Comment: Laminated

in the same process the module via a in the same process

as the PV laminate plastic framing. as the PV laminate
Backside Polystyrene Not included Polystyrene Not included
insulation Thickness: 2.9 mm Thickness: 2.9 mm

Origin: N/A Origin: Global*

*The origin of each component is an average based on the composition of the global market (global process
in Ecoinvent). The manufacturing of the module is assumed to take place in Europe.

6.2.2.3 Impact assessment

This analysis uses a single issue assessment method, i.e. only one impact category is analysed.
The analysed impact category is global warming potential at 100 years (GWP100a), as
described by the Intergovernmental Panel on Climate Change (IPCC) [9]. The global warming
potential is measured in carbon dioxide equivalents (COzeq) per functional unit.

6.2.3 Results

The embodied emissions per m? (kg CO2eq/m?) of the generic PV/T module and the updated
mono-Si PV module from Ecoinvent are shown in Figure 53. The cut-off in the figure is set to
1%, which means that materials and processes that contribute to less than 1% are shown
together in the category “Other”. The total amount of embodied emissions of the PV/T module
is 250 kg COzq/m*> (or 245 kg COzq/m*> without backside insulation) compared to
188 kg COze¢/m? for the PV module. In other words, the embodied emissions of the PV/T
module is 30-33% higher than those of the PV module. These values also includes the heat
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transfer fluid in the PV/T module. If this is subtracted, the embodied emissions of the generic
PV/T module are 243 kg/COzeq/m?, 29% higher than the updated mono-Si PV module. The
value without heat transfer fluid will be used for the rest of the calculations in this section and
in Section 6.4.

300
m Other
250 M Heat transfer fluid (glycol)

M Insulation

250
200 188
- M Backsheet
150 | Solar glass
Lamination material (EVA)
100
W Aluminium frame
50 B Stainless steel (heat exchanger)
0 m PV cells, mono-Si

Generic PV/T module Updated PV module

kg COZeq/ m?

Figure 53. The embodied emissions of the generic PV/T module and the updated mono-Si PV module
from Ecoinvent.

The largest contributor to the embodied emissions is in both cases the PV cells, which account
for 84.9% of the emissions of the PV module and 65.9% of the emissions of the PV/T module.
As shown in Figure 53, the main difference between the two module types is the stainless steel
for the heat exchanger, which accounts for 18.0% of the total embodied emissions.

6.2.4 Discussion

6.2.4.1 Uncertainties

Calculations of embodied emissions are associated with significant uncertainties. Average
factors are used for some materials, and assumptions and generalizations are made for
unknowns. In the analysis presented here, it is clear that the results are very sensitive to
variations in a few of the materials and processes included.

A simple sensitivity analysis was performed for the most influential factor in the case of the
PV/T module, which was the manufacturing of the stainless steel heat exchanger. Since no
information on the heat exchanger was available for PV/T module B, the one in the generic
PV/T module is based on information given by producer A.

The heat exchanger is modelled here by a given amount of material and the energy related to
processing of that material. The material process “Steel, chromium steel 18/8, hot rolled (RER),
production” in Ecoinvent was used, where “RER” refers to Europe without Switzerland.
According to producer A, the heat exchanger is welded and stamped together. The process
“Welding, arc, steel (RER), processing” was used in the original version of the generic PV/T
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module to estimate this. However, no details were available from the producer and an average
process, “Metal working, average for chromium steel product manufacturing (GLO), market
for”, was therefore also used as a comparison. This process step had a large influence on the
final results.

If average metal working is used instead of welding, the embodied emissions of the generic
PV/T module is increased to 267 kg COseq/m? and the steel heat exchanger accounts for 24.9%
of the total embodied emissions. The original generic PV/T module (with welding) is shown
together with the version with average metal working in Figure 54. The stainless steel absorber
has been divided into a material and a processing part in the graph to show the large influence
of the latter.
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Figure 54. The embodied emissions of the generic PV/T module with welding (left) and average metal
working (right).

The generic PV/T module was modelled using market processes in Ecoinvent, which means
that the values represent average market values and that a generic transport assumption is
included in each material process. The production is also generalised for a region, such as
Europe, rather than a country or specific producer, and average energy mixes are used.

The difference between a PV/T module with generalized values and market processes, and a
similar PV/T module with country-specific processes and transport distances was analysed to
evaluate how much the use of specific data influences the resulting embodied emissions. PV/T
module A was used in the comparison since no country-specific information was used in the
modelling of the generic PV/T module. The PV/T module A was modelled in two versions: one
with generalised market data and one with country specific data. The global warming potential
of the generic PV/T module and the two versions of PV/T module A are shown in Figure 55.
The inventory for the PV/T module A with country-specific data is shown in Table A.2 in
Appendix A.
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Figure 55. Embodied emissions of PV/T modules with generic and specific data on country of
production and transport.

As Figure 55 shows, there is a slight positive impact (lower emissions) of using country-specific
information for production. The version of PV/T A module without country-specific data has
lower embodied emissions than the generic PV/T module. The embodied emissions are further
decreased if the country-specific version of PV/T A is used. A conclusion to be drawn from this
is that the generic PV/T module is a conservative assessment of a commercial PV/T module.

Another uncertainty in the modelling of the PV/T module was the use of energy for
manufacturing. The values in the original PV module from Ecoinvent was used to model the
generic PV/T module. The impact of changes to this value has not been specifically analysed
here since the impact was relatively small to start with. In the PV module, the use of energy in
the module assembly accounted for only 1.0-1.5% of the total embodied emissions, and in the
generic PV/T module it accounted for 1.0-1.1%. As mentioned, the energy demand in module
production was stated by producer B to be 2-3 times higher for the PV/T module than the PV
module. However, this figure was for the first version of their module, which had a plastic
frame. The process of producing this frame, which was done during module assembly, was
responsible for a large share of the process energy, and the producer has now changed to using
an aluminium frame. The figure on energy demand from producer B was therefore considered
not to be applicable in for the generic PV/T module.

An uncertainty analysis was also performed for the different module types, using Monte Carlo
simulation as described in Section 6.1.3.7. The result of these simulations are a range of
probable values for each module type. The results for the confidence interval 95% is shown in
Figure 56.
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Figure 56. Results of the uncertainty analysis for the PV and PV/T modules. The confidence interval
is 95%.

As the figure shows, the range of values is relatively large. The range of values in the 95%
confidence interval for the original Ecoinvent PV module is 217-362 kg CO2eq/m?. The range
of values for different modules are also overlapping. For example, the range of values for the
updated PV module is between 157 kg CO2eq/m* and 232 kg COszeq/m?, and for the generic PV/T
module between 208 kg CO2q/m* and 291 kg COzeq/m>.

To evaluate the difference between the modules with overlapping ranges, a similar analysis was
also performed for the difference between the PV and PV/T modules. The results for some of
the modules are shown in Table 19, also with a confidence interval of 95%. As the table shows,
the differences in embodied emissions are between the PV and PV/T modules can be regarded
as certain.

Table 19. The result of uncertainty analyses of the difference between module types. The confidence
interval is 95%.

A B Instances where A > B
PV module (Ecoinvent original) Updated PV module 100%

Generic PV/T module Updated PV module 100%

PV/T module A, country-specific Updated PV module 99.4%

processes

6.2.4.2 Update of PV module

As mentioned in Section 6.2.2.2, the technological development in the PV industry has been
substantial in the last decades, and the efficiencies of PV modules have increased. As
Frischknecht, et al. [185] point out, the publicly available data on PV module production does
not always mirror the current situation. As an example, a typical crystalline solar cell is now
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significantly thinner than a decade ago, and the process chain for silicon for the solar industry
has become more efficient [186]. For crystalline silicon modules, there is a 30-40 % decrease
in greenhouse gas emissions reported from 2006-2009, and a corresponding decrease of 30%
for CdTe thin film [185]. In addition, the production of PV modules has to a large extent moved
from Europe to Asia in the last decade. The influence of the country of production on the
embodied emissions of PV modules has been studied by Yue, et al. [187], who found that
crystalline silicon PV modules produced in China had a 28-48 % higher primary energy demand
compared to modules produced in Europe.

The update of the PV module in Ecoinvent which was performed for this analysis focused on
the reduction in the use of materials. Since silicon and aluminium are materials that are energy
demanding to produce, the updates that were made to the original PV module in Ecoinvent had
a large impact on the total embodied emissions. A comparison of the embodied emissions of
the original and updated module is shown in Figure 57. The emissions of the original Ecoinvent
process was 277 kg COxzeq/m?, and the embodied emissions was thus reduced by 31.9% in the
updated version.
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Figure 57. The embodied emissions of the original and updated version of the mono-Si PV module in
Ecoinvent.

As shown in Figure 57, the reduction in the thickness of the PV cells had a very significant
impact on the total embodied emissions. The aluminium frame also had quite a large impact in
the original Ecoinvent process, making up around 7.5% of the embodied emissions, compared
to 1.5% in the updated module. The update of the module was made in a quite simple manner,
where the amount of materials was simply reduced according to the details given in
Section 6.2.2.2. Emissions values on the energy needed for manufacturing or the handling of
process waste were not updated.

6.2.4.3 Comparison to previous research
The values of embodied emissions of PV/T modules calculated here are low compared to the
values found in previous research (Section 6.1.2), which were in the range
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343-451 kg COseq/m?. If only PV/T-liquid modules are included, the values in literature were
in the range of 387-513 kg COzeq/m*. However, most of the studies had only calculated the
embodied energy, and few had calculated the embodied emissions. There is thus very little
grounds for a comparison. In addition, it is not possible to directly compare values from
different LCA or environmental impact assessments, since any such analysis will include a
number of assumptions and generalisations.

What can be said, however, is that the present analysis is based on relatively updated values on
e.g. solar cell thickness and the amount of aluminium used in the frame. It may therefore be
reasonable to assume that the values found in previous literature are high compared to the
commercially manufactured PV/T modules presented.

6.3 Embodied emissions and solar energy system design

The embodied emissions of a solar energy system can be likened to a loan that needs to be paid
back by the generation of renewable energy from the system. Once a system is installed, it is
not possible to influence the amount of embodied emissions (other than for replacements,
maintenance, and demolition). It is therefore important that the “borrowed” emissions are
invested wisely, so that the net emission benefit is as high as possible. That is, that the energy
performance of the system is as good as possible.

As was discussed in Chapter 4, the design of a solar energy system has a significant influence
on its performance. The study presented in this section was performed in order to determine
how the design of a solar energy system, in this case a PV system, influences the emission
balance of a building. Different design concepts for flat roofs are analysed. The ZEB residential
concept was used as a case, and the study is described in Paper V.

6.3.1 The case building: embodied and operational emissions

The case building, the ZEB residential concept, was described in detail and the net energy
balance analysed in Section 5.2. The focus of this study is on the emission balance of the same
building.

The embodied emissions of the building were analysed by Houlihan Wiberg, et al. [6], who
found that the embodied emission of materials accounted for 5.0 kg COzeq/m>4s; over the 60
year lifetime of the building. A breakdown of the embodied emissions of materials are shown
in Figure 58. The embodied emissions of the PV system are calculated in the present study and
are therefore not included in the figure.
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Figure 58. The embodied emissions of materials in the case building, excluding the PV system
(kg COsey/m’Ay, year). Data from Houlihan Wiberg, et al. [6].

The operational emissions based on data from the same publication are shown in Figure 59,
calculated with the ZEB grid emission factor. The operational emissions account for
5.1 kg CO2eq/m?A4y if calculated with the ZEB grid emission factor. That is, they were more or
less equal to the embodied emissions. The operational emissions accounted for
13.9 kg CO2eq/m?4y if the current EU grid factor was used in the calculations.
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Figure 59. The operational emissions of the case building, using the ZEB ultra-green grid factor. Data
from Houlihan Wiberg, et al. [6].
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6.3.2 Method

6.3.2.1 System design

The case building has a flat roof of 8 m x 10 m, oriented with the long sides south and north.
As discussed in Section 4.1, there are two general strategies for PV installations on flat roofs:
either the modules are installed at an optimal tilt angle with enough distance between the rows
to avoid shading, or they are installed at a lower tilt angle but closer together.

Four different system designs were compared in this study. They are described in Table 20 and
shown schematically in Figure 60. More details on the designs are given in Paper V.

Table 20. The design options for the PV systems on the roof of the ZEB residential concept.

Design  Azimuth of Tiltangle  Description Module
modules of modules area*®
o mZ
A South 40 Optimal tilt angle and orientation for Oslo.  30.4

This high tilt requires large row spacing to
avoid mutual shading. High energy output
for each module, but a low number of
modules can fit on the roof.

B South 15 Lower tilt angle to reduce the required 40.5
spacing. Lower yield per module but more
modules can fit on the roof.

C South/North 15 A development of design B, where north- 70.9
facing modules are added in the space
between the south-facing modules. More
modules can fit on the roof but the north-
facing modules will have a lower output.

D East/West 15 The same low tilt angle as in C, but modules  59.1
oriented east/west. The advantages of low
self-shading are the same as in C, but output
is shifted towards autumn and spring.

*The total PV area of each system is not exactly equal for the different PV technologies, since
dimensions of commercial modules are used. The area of the mono-Si version of each design is
given here.
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.

Figure 60. Schematic drawing of the four system designs on the ZEB residential concept. Figures from
PVsyst [21].

6.3.2.2 Simulation

The energy output of the PV systems was calculated using the simulation software
PVsyst v5.73 [21] together with Meteonorm meteorological data for Oslo [188]. The annual
irradiation on a horizontal surface in Oslo is around 1000 kWh/m?,

In addition to the different designs, the study also included four different types of PV modules:
monocrystalline silicon (mono-Si), polycrystalline silicon (poly-Si), cadmium indium selenide
(CIS) thin film modules, and finally high-efficiency mono-Si. Thin film modules have
significantly lower embodied emissions than crystalline silicon modules, but on the other hand
they also have significantly lower efficiencies.

The objective of using different module types was to evaluate whether low embodied emissions
or high efficiency of the modules would be most important in order for the building to reach a
zero emission balance. The simulations were based on data on commercially available modules.
The selected modules were chosen to represent the average in performance of each PV
technology, using efficiency values from 2012 [189].

6.3.2.3 Embodied emissions of PV modules

Emissions data was extracted from the Ecoinvent database v.3.1 [190]. For comparison, the
high-efficiency mono-Si module from SunPower that was used in the original study by
Houlihan Wiberg, et al. [6] was also analysed. The emission data for this module is taken from
a life cycle assessment presented by Fthenakis, et al. [191].
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Table 21. Characteristics of the three PV modules used in the simulations: the module dimensions are
taken from producer data sheets and the emissions data (except high-efficiency mono-Si) from
Ecoinvent database [190, 191].

PV technology Module area Rated power Efficiency at Embodied
STC emissions per
m? of module
m’ w, % kg COzeq/m’
Mono-Si 1.69 255 15.1 278
Poly-Si 1.65 250 14.7 213
CIS thin film 1.23 145 11.9 134
Mono-Si (high-efficiency) 1.63 333 20.4 281

The expected lifetime of the modules is set to 30 years, with a linear annual performance
degradation of 0.7 %, in line with the value suggested for mature technologies in the
Methodology Guidelines on Life-Cycle Assessment of Photovoltaic Electricity, developed by
Fthenakis, et al. [79]. Since the production warranty for the CIS modules is the same as for the
silicon modules, the same degradation factor has been used even though it can be argued that
the technology is less mature.

The study includes only modules, and not the other necessary components referred to as BOS
(balance-of-system). A further discussion on the impact of BOS on embodied emissions is
included in the case study in Section 6.4 and in Paper VI.

6.3.2.4 Replacement of PV modules

Since the lifetime of the PV modules is assumed to be 30 years — half of the expected building
lifetime — the PV systems need to be replaced once. It is of course difficult to predict the energy
performance and embodied emissions of modules produced 30 years into the future. A
simplified future scenario was introduced in Paper V, where the replacement modules are
assumed to have 25.2% efficiency and embodied emissions of 100 kg COaeq/m®. The
background of this scenario is described in more detail in the paper.

6.3.3 Results

6.3.3.1 Electricity output

The annual simulated energy yield of the systems are shown in Figure 61. The figure shows the
results for the first 30 years, i.e. without module replacements'®. The annual electricity demand
of the building is shown in the same figure (far right).

19 Figure 6. in Paper V shows the values for the full 60 year lifetime, but it has mistakenly been labelled as only
showing the first 30 years.
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Figure 61. The annual simulated electricity yield of the different PV systems, shown per m’ heated
floor area.

The mono-Si modules (both high-efficiency and average) have the highest yield for all design
options. Design C has the highest energy yield for all module types, which is a direct reflection
of the size of the systems (see Table 2 in Paper V for detailed information on the systems). The
mono-Si and poly-Si modules in design C and the high-efficiency mono-Si modules in design D
generated more electricity than the annual electricity need of the building.

The influence of orientation and tilt angle is shown in Figure 62, using the values from the
mono-Si systems as an example (the trend is the same for all technologies). The figure shows
the annual specific energy output of the modules, measured in kWh/kWp. The modules which
are installed at 40° tilt and south facing (optimal orientation for the location) have around 40%
higher yield than the modules installed at 15° tilt and north facing.
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Figure 62. Specific yield (kWh/kW,) of modules installed at different orientations. The systems with
mono-Si modules are used as an example.

6.3.3.2 Embodied and net avoided emissions

The embodied emissions of each system were calculated based on the values from Table 21 and
the details on each system design (shown in Table 2 in Paper V), and are shown in Figure 63.
The embodied emissions are shown per m? heated floor area per year. The embodied emissions
of future modules which are used for replacement after 30 years are also shown in the same

graph.
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Figure 63. The embodied emissions of the different PV systems shown for the functional unit 1 m’
heated floor area per year (1 m*Ag/year).

The net avoided emissions are the emissions that are avoided as a result of the generated PV
electricity, after the embodied emissions of the modules themselves are subtracted. It is
calculated according to Equation ( 25 ). The net emissions of the PV systems for the whole
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building lifetime (60 years) are shown in Figure 64, calculated using the ZEB grid factor and
the current EU grid factor. The average value of the original modules and the future replacement
modules are used to calculate the annualized embodied emissions of the PV systems over the
total 60 year lifetime of the building.
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Figure 64. The net avoided emissions of the systems, calculated with the ZEB ultra-green grid factor
(top) and the EU factor (bottom).

As Figure 64 shows, a high energy output is more important than low embodied emissions in
order to reach high values of net avoided emissions. The PV modules in system A accounted
for 11% (CIS), 16% (Si-poly) and 19% (Si-mono, both types) of the total embodied emissions
of the building, while the modules in system C accounted for 24%, 31%, and 35% respectively.
That is, the system that led to the largest net avoided emissions accounted for about a third of
the embodied emissions of the building.
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6.3.3.3 Emissions payback time and emission factor

The greenhouse gas payback time (GPBT) for all systems are well below the lifetime of the
modules. In the ZEB ultra-green grid scenario, the GPBT of the systems range from 10 years
(CIS, design A) to 20.4 years (Si-mono, design D). The larger systems (C and D) have longer
GPBT than the smaller systems (A and B). The GPBT in the current EU grid is significantly
shorter; the GPBT of the systems range from 3.7 years (CIS, design A) to 7.5 years (Si-mono,
design C). The future modules have GPBT of 3.7-4.5 years in the ZEB ultra-green grid and 1.3-
1.7 years in the current EU grid.

The emission factor?® of the electricity generated by the solar energy systems, measured in
kg CO2e/kWh, is calculated based on embodied emissions and energy yield of the systems.
This number is directly comparable to the electricity grid emission factor. The resulting
emissions factor of the systems are 0.045-0.055 kg CO2e/kWh for the mono-Si modules,
0.036-0.044 kg CO2e¢/kWh for the poly-Si modules, 0.030-0.037 kg CO2e/kWh for the CIS
modules and 0.034-0.042 kg CO2eq/kWh for the mono-Si high-efficiency modules.

This means that the emission factors for all systems are well below that of both the two grid
emission factors (ZEB and EU) which were used in the calculations. The CIS thin film systems
generally have the lowest emission factors and the mono-Si systems the highest.

6.3.3.4 Zero emission balance

The net emissions (GHG ) of the building were calculated for all the different combinations
of PV technology and system design, and are shown in Table 22. The calculation is performed
using Equation ( 27 ) adapted for the load/generation balance, as described in Section 6.1.3.6.

Table 22. The net emissions, GHG,e, of the ZEB residential concept with the different PV systems. The
load/generation balance at the ZEB-OM ambition level is calculated.

GHGqu.t (ZEB grid factor) GHGi.¢ (EU grid factor)

Design Mono-Si  Poly-Si CIS Mono-Si | Mono-Si Poly-Si  CIS Mono-Si

high-eff. high-eff.
kg COsey/m? Ay, year kg COsey/m’ Ay, year

A -7.1 -6.9 7.1 -6.5 -8.9 -8.7 -9.8 =73

B -6.5 -6.3 -6.4 -5.8 -6.6 -6.4 7.5 -4.7

C -4.9 -4.4 -4.6 -3.8 0.0 0.3 -1.5 2.9

D -5.8 -5.7 -5.5 -4.4 -3.5 -4.3 -4.0 0.3

As shown in Table 22, only four systems reach a balance when the current EU grid factor is
used: the mono-Si, poly-Si and mono-Si high-efficiency modules in design C, as well as the

20 The emission factor is referred to as “emission rate” in Paper V.
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mono-Si high-efficiency modules in design D. None of the systems reach a net zero emission
balance if the ZEB ultra-green grid factor is used.

6.3.4 Discussion

The results from this analysis show that while the CIS thin film modules have the lowest amount
of embodied emissions, the shortest greenhouse gas payback times (GPBT), and the lowest
emission factors of generated electricity, these systems are also the ones that have the lowest
net avoided emissions over the system lifetime, i.e. the lowest absolute contribution to reduced
emissions. The building with CIS systems are also farthest from reaching a net zero emission
balance.

The optimally oriented PV modules in design A had the highest performance in terms of
kWh/kW, for all the module types, as well as the lowest emission rate and GPBT. Nevertheless,
design C, with the largest number of modules, resulted in the highest net avoided emissions. As
a total system, design C has the highest total yield for both types of Si-mono modules. However,
the benefit of increasing the systems’ size by mounting modules with north-facing orientation,
as is done in design C, can be questioned. The yield of the north-facing modules in this system
was only around 70% of the optimally inclined ones and the GPBT of these modules were up
to 23.9 years for the Si-mono technology with the ZEB ultra-green grid mix. Considering that
the modules have an expected lifetime of 30 years, this can be regarded as an inefficient use of
the “invested” embodied emissions.

About half of the PV system combinations reach the ZEB-O level, but only the largest
installations reach the ZEB-OM ambition level, showing that this is very demanding to achieve.
The importance of reaching a zero emission balance for a single building can be questioned. As
this analysis has shown, a relatively large PV installation is required for a single building to
reach a net zero emission balance, and this can lead to periods of large export and import to the
electricity grid. Recently, much of the research focus on zero emission concepts has shifted
towards zero emission neighbourhoods, where buildings with different energy demand profiles
can result in more balanced energy profiles on a neighbourhood scale.

A longer discussion of the results is provided in Paper V.

6.4 Embodied emissions and choice of solar technology

The study presented in this section is based on the second case building, the Living Lab, and
solar energy systems that were described in Section 5.3. The case building was described in
detail in Section 5.3.1 and the simulated energy demand of the building given in Table 10.
While the first case study focused on the energy balance, the objective of the study presented
here is to analyse the embodied emissions of systems with different solar technologies, as well
as how the choice of solar technology affects the emission balance of the whole building. This
study will be submitted for publication at a later date.

6.4.1 Solar energy systems
Three systems out of the seven studied in Section 5.3 will be studied here, each representing a
different combination of technologies: System 2 (PV and heat pump), System 5 (PV and solar
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thermal, integrated with heat pump), and System 7 (PV/T, integrated with heat pump). See
Table 12 for more details on the systems. The exported and delivered energy to the building is
different depending on which of the solar energy systems that is used, and the operational
emissions are therefore calculated for each system separately.

PV modules with polycrystalline silicon (poly-Si) solar cells he PV installation on the actual
building, but monocrystalline silicon (mono-Si) solar cells are assumed for the calculations in
this section. The reasoning behind this simplification is that the use of poly-Si PV modules
would have given the PV modules an unfair advantage in terms of embodied emissions, since
the embodied emissions of poly-Si PV modules are lower. The PV modules on the Living Lab
have the same electrical efficiency as the studied PV/T modules, and it is therefore assumed
that the same silicon technology is used.

In addition to the modules themselves, a solar energy system requires several additional
components. For PV systems, these are commonly referred to as BOS (balance of system). In
this study, the concept BOS has been extended to also include the components necessary for a
solar thermal system, and a distinction is made between electric BOS and hydronic BOS.

The electric BOS included in this study is the inverter and cables. The PV system on the actual
building also includes a number of sensors for e.g. solar irradiation, weather data, and energy
performance, but these are not included in the analysis since they are not necessary for the
functionality of a normal residential solar energy system.

The hydronic BOS includes the piping, pumps, and valves. In addition to the BOS, the auxiliary
energy components are also included in the analysis. This includes the storage tank, the heat
pump, and the ground source collector. The boundary of the analysis is set to the tank, and
components for heat distribution in the building are not included. Some of what is here regarded
as auxiliary energy components, such as the storage tank, could have been regarded as part of
the hydronic BOS. However, since System 2 also includes these components but no solar
thermal systems, and thereby no hydronic BOS, it was considered more transparent to include
these in the inventory of the auxiliary energy system.

The inventories of the systems are presented in Section 6.4.3.2, and an overview of the included
components is shown in Figure 66.

6.4.2 Embodied emissions of the building

The values for embodied and operational emissions used in this study builds on previously
published work performed by researchers in the ZEB Centre, in particular the work of Inman
and Houlihan Wiberg [12, 169]. The embodied emissions of the building are only included to
enable calculation of the building’s emission balance and to put the embodied emission of the
solar energy systems into a context. They will not be analysed in detail.

In her master thesis and subsequent research report, Marianne Inman performed a complete life
cycle assessment of the Living Lab [12, 169]. A summary of the results from the entire building
extracted from the report (life cycle steps A1-A3, A4-AS and B4) is shown in Figure 65. The
embodied emissions are shown as a total value for the building and normalized per unit of
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heated floor area per year of the building’s 60 year lifetime (kg COzeq/m?4y, year) as
recommended by the ZEB Centre [73].
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44 Lighting
39 Other Services: Appliances [

36 Ventilation and Air Conditioning I WAL-A3
32 Heating [N #% A4
31Sanitary | mAS

28 Stairs and Balconies | NNNRNRNREEEEN B4

27 Fixed Inventory [l # AL-A3 solar
260uter Roof Ad ol

25 Floor Structure | B AS solar
24 Innerwalls [N B4 solar
23 Outer walls | INNNEEEG

22 Superstructure [N

21 Groundwork and Foundations | NN
0 1 2 3 4 5 6

Embodied emissions (kg CO, eq/m2 Afl, year)

Figure 65. The embodied emissions of the building as calculated by Inman and Houlihan Wiberg [12].
The embodied emissions of the PV and solar thermal components in the original study, but not used in
the present study, are marked by dashed columns in the figure.

The results from the original study by Inman and Houlihan Wiberg [12] have been used as a
reference for the embodied emissions for the building components, except for the electric and
thermal energy supply systems. These have been recalculated for both the original solar energy
system and the alternative systems, although some data from the original study is used also in
the present analysis.

The energy supply systems accounted for around 25% of the total embodied emissions in the
original study. The embodied emissions data for the PV and solar thermal components from the
original study are marked in Figure 65. The embodied emission values for the building with
and without the original solar energy systems area shown in Table 23.
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Table 23. Embodied emissions of the Living Lab, calculated based on the values presented by Inman
and Houlihan Wiberg [12].

Embodied emissions

Total Normalized
kg CO2e4 kg COzey/m’ year
Building 143 788 235
Building without PV modules and solar 109 996 18.0
collectors
Building without energy supply system 107 266 17.5
including BOS

The BOS referred to in Table 23 includes both electric and hydronic BOS. The energy supply
system includes all components related to energy supply: PV modules, solar thermal collectors,
inverter, cabling, and sensors, piping, tank, heat pump, and ground collector pipes.

It can be noted that the value of embodied emissions of the building without the solar energy
system (17.5 kg COaeq/m*4y) is significantly higher than the same value for the ZEB residential
concept (5.0 kg CO2eg/m*4y), which was discussed in Section 6.3.1. The very high value in the
Living Lab can be caused by its large envelope are compared to the floor area, for example due
to the shape of the roof (see Figure 42) well as the fact that more construction and technical
material details have been included in the inventory. However, the large difference also shows
that there is an inherent uncertainty in the calculation method, and that LCA performed by
different practitioners cannot be directly compared.

6.4.3 Life cycle assessments of solar energy systems

6.4.3.1 Goal and scope definition

The goal of the LCA presented in this section is twofold. Firstly, the goal is to calculate the
total embodied emissions of the three different solar energy systems, and the emissions per
kWh of energy output of each system. Secondly, the goal is to determine which of the solar
energy systems, if any, will enable the building to reach a net zero emission balance at the
ZEB-OM level.

Since the first part of the analysis is focused on solar energy systems, it is useful to evaluate
emissions based on the energy output of the solar energy systems per installed area. The
functional unit for the analysis of the solar energy systems is therefore 1 kWh primary energy
output during the system lifetime of 30 years (1 kWheg). In this way, the environmental impact
from the solar energy systems can be directly compared to electricity from the grid.

An approximation of a future PV system was used in the analysis of PV systems in Section 6.3
in order to analyse the building over its 60 year lifetime. Since most installations using modern
PV/T modules are quite recent, there is not much experience of how the systems perform over
time, including the rate of degradation, failure modes etc. Any approximation of a system that
would replace the current PV/T system 30 years on was therefore considered to add more
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uncertainty than value to the analysis. The solution was to calculate the emission balance of the
building over 30 years, that is, half the lifetime of the building. The functional unit used in the
analysis of the whole building is therefore 1 m? heated floor area of the case building per year
over 30 years, compared to 60 years in the analysis in Section 6.3. The embodied emissions of
materials from Inman and Houlihan Wiberg [12] are used as annualized values.

The ambition level of the Living Lab is ZEB-OM, which means that operation and materials
are included in the calculation. These are life cycle phases A1-A3, A4, B4 and B6 (see Table
18). A flow chart of the analysed solar energy systems is shown in Figure 66 (note that the rest
of the embodied emissions of the building are not included in this figure).
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Figure 66. Flow chart of the analysed solar energy systems.
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6.4.3.2 Life cycle inventory

Generic Ecoinvent processes are used for components other than the solar modules, but some
of the processes have been slightly modified to better represent the system in question. All
modifications are described below. Global market processes in Ecoinvent are used, which
means that the production represents the average of the global production and an average
transport distance.

6.4.3.2.1 Solar energy technologies

The life cycle inventories of the PV and PV/T modules were given in Section 6.1.3.7. The
Ecoinvent process “Flat plate solar collector, Cu absorber (RoW), production®” is used to
model the solar thermal collector. The technological developments have not been as large in
the solar collector industry as in the PV industry. Even though the data in this process model is
also relatively old, it is therefore considered to be comparable to the data on the two other solar
technologies in its present form. An inventory of the most important materials in the solar
thermal collector is given in Table 24, and a full inventory is given in Table A.4 in Appendix A.

Table 24. Inventory of the most important components in the solar thermal collector process model in

Simapro 3.1.

Component Amount Unit Ecoinvent process
Aluminium 39 kg Aluminium, wrought alloy (GLO), market for
Stainless steel 4.1 kg Steel, chromium steel 18/8, hot rolled (GLO),

market for
Copper absorber 2.8 kg Copper (GLO), market for
Sheet rolling, copper 2.8 kg Sheet rolling, copper (GLO), market for
Selective coating, 1.0 m? Selective coat, copper sheet, black chrome (GLO),
absorber market for
Solar glass 9.1 kg Solar glass, low-iron (GLO), market for
Anti-reflective coating, 1.0 m? Anti-reflex-coating, etching, solar glass (GLO),
glass market for
Glycol (heat transfer 1.0 kg Propylene glycol, liquid (GLO), market for
fluid)
Packaging 3.7 kg Corrugated board box (GLO), market for
Insulation (Rock wool) 24 kg Rock wool, packed (GLO), market for
Rubber 0.7 kg Synthetic rubber (GLO), market for

6.4.3.2.2 Electric BOS
The inventory of the electric BOS is given in Table 25, and in more detail in Table A.5 in
Appendix A. It is to a large extent based on information given in the publications by Inman and

2l As in the previous sections, the default allocation version of all processes are used unless otherwise specified.
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Houlihan Wiberg [12, 169] with some modifications. These values, in turn, are based on
information from the installer.

The inverters are the most important components in the electronic BOS. The system on the
Living Lab uses two 3.2 kW inverters, with a combined weight of 52 kg. The 2.5 kW inverter
model in Ecoinvent is used in the analysis, scaled to the same weight as the 3.2 kW inverter.
The same inverters are assumed for all three systems, even though the installed power is slightly
smaller for System 5.

The cables and connectors are approximated by a generic model in Ecoinvent. The value in
Table 25 is used for Systems 2 and 7, where PV or PV/T modules cover the whole roof.
System 5 has a smaller number of modules than the other two (45 instead of 48), and the cable
length has therefore been scaled down to 164 m.

Table 25. Inventory of the electric BOS. The inverter will be replaced once during the lifetime of the
solar energy systems.

Component Amount Unit Ecoinvent process Lifetime

Inverters 52.0 kg Inverter, 2.5kW (GLO), market for 15 years
(Scaled by weight.)

Power cables 175 m Cable, three-conductor cable (GLO), market for 30 years

Connectors 0.16 kg Electric connector, wire clamp (GLO), market for 30 years

6.4.3.2.3 Hydronic BOS and auxiliary energy sources

The thermal configurations of the three systems are quite different from each other, and the
hydronic BOS therefore needs to be modelled for System 5 and System 7 separately. The main
difference between the systems is the piping. The required length of piping has been
approximated based on the examples given by Stucki and Jungbluth [180].

Copper piping was assumed for all the three systems, and as in the examples in Stucki and
Jungbluth [180] it was assumed to be composed of copper, insulation and a plastic coating. The
quantities of materials used were calculated based on the diameter and length of the piping in
each system. The heat transfer fluid is also based on the piping length, and assumed to be
replaced twice (every ten years).

The inventory of the hydronic BOS for System 5 is shown in Table 26 and in more detail in
Table A.6 in Appendix A. The solar thermal system with a 5 m? collector area from [180] is
used as a basis for System 5, which has a collector area 4.18 m>. The same pipe diameter was
used (12 mm). The piping length was scaled down to the collector area, resulting in a length of
27 m.
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Table 26. Inventory of the hydronic BOS of System 5 (PV and solar thermal).

Component Amount Unit Ecoinvent process Lifetime

Piping 5.7 kg Copper (GLO), market for 30 years

Piping insulation 34 kg Tube insulation, elastomere (GLO), 30 years
market for

Piping coating 04 kg Packaging film, low density polyethylene 30 years
(GLO), market for

Expansion vessel 1 pc Expansion vessel, 251 (GLO), market for 30 years

Circulation pumps 2 pc Pump, 40W (GLO), market for 15 years

Glycol (heat transfer 0.8 kg Propylene glycol, liquid (GLO), market 10 years

fluid, 35%) for

Water (heat transfer 1.9 kg Water, deionised, from tap water, at user 10 years

fluid, 65%)

(GLO), market for

The inventory of the hydronic BOS for System 7 is shown in Table 27 and in more detail in
Table A.7 in Appendix A. The solar thermal system with 81 m? from [180] was used as a basis
for the model of System 7, which has 79.2 m? of PV/T modules. The same pipe diameter
(25 mm) was used. The piping length was scaled to the current PV/T area, giving a length of

138 m.
Table 27. Inventory of the hydronic BOS of System 7 (PV/T only).

Component Amount Unit Ecoinvent process Lifetime

Piping 1242 kg Copper (GLO), market for 30 years

Piping insulation 56.5 kg Tube insulation, elastomere (GLO), 30 years
market for

Piping coating 3.8 kg Packaging film, low density polyethylene 30 years
(GLO), market for

Expansion vessel 1 pc Expansion vessel, 251 (GLO), market for ~ 30 years

Circulation pumps 2 pc Pump, 40W (GLO), market for 15 years

Glycol (heat transfer 36.2 kg Propylene glycol, liquid (GLO), market 10 years

fluid, 35%) for

Water (heat transfer 64.5 kg Water, deionised, from tap water, at user 10 years

fluid, 65%)

(GLO), market for

System 2 does not include any solar thermal components and therefore no hydronic BOS.
Piping is only required between the heat pump and the storage tank. This was approximated to
4 m, and the same piping as in System 5 was used. To make the the three systems comparable,
4 m of the piping in System 5 and System 7 was therefore counted in the inventory for auxiliary

energy sources.

The inventory of the auxiliary energy system is shown in Table 28 and is the same for all three
systems. A detailed version is shown in Table A.9 in Appendix A.
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Table 28. Inventory of the auxiliary energy system, which is the same for all three systems.

Component Amount Unit Ecoinvent process Lifetime

Storage tank 400 1 Hot water tank, 6001 (GLO), market for 30 years
(Scaled by extrapolation factor from Stucki
and Jungbluth [180].)

Heat pump, 3.5 kW 3.5 kW  Heat pump, brine-water, 10kW (GLO) market 15 years
for

(25% of the impact scaled by power rating.)

Horizontal ground 1 pc See Table A. 8 in Appendix A for details 30 years

collector

Piping 1.0 kg Copper (GLO), market for 30 years

Piping insulation 0.6 kg Tube insulation, elastomere (GLO), market for 30 years

Piping coating 0.1 kg Packaging film, low density polyethylene 30 years
(GLO), market for

Circulation pump 1 pc Pump, 40W (GLO), market for 15 years

Glycol (heat 0.2 kg Propylene glycol, liquid (GLO), market for 10 years

transfer fluid, 35%)

Water (heat transfer 04 kg Water, deionised, from tap water, at user 10 years

fluid, 65%) (GLO), market for

The process “Hot water tank, 6001 (GLO), market for” from Ecoinvent is used and scaled down
to 400 1 using the extrapolation factors for the calculation of different storage sizes from Stucki
and Jungbluth [180].

The smallest available heat pump model in Ecoinvent is 10 kW (Heat pump, brine-water, 10kW
(GLO), market for). No information on the weight of the heat pump was available. As a very
rough approximation, it was assumed that 25% the impact of the heat pump would depend on
its rated power, and the remaining 75% is associated with components that are similar
regardless of rated power. 25% of the impact of the heat pump was therefore scaled down from
10 kW to a 3.2 kW heat pump (which was used in the Living Lab), giving a scaling factor of
0.83.

No model for a ground source collector was available in Ecoinvent. The collector was therefore
modelled as a combination of 105 m plastic piping and the work required for burying the piping
in the ground. The work was approximated by the Ecoinvent process “Excavation, hydraulic
digger (RER), processing” and scaled by the ground volume required for the collector. The heat
transfer fluid for the circuit is included with two replacements during the 30 year period. A
detailed inventory for the horizontal ground collector is found in Table A.8 in Appendix A.

6.4.3.3 Impact assessment
Like the previous studies in this chapter, this assessment uses only the impact category global
warming potential at 100 years (GWP100a), as described by the Intergovernmental Panel on
Climate Change (IPCC) [9].
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6.4.4 Results

6.4.4.1 Embodied emissions

The total embodied emissions of the three solar energy systems and auxiliary energy system
are presented in Table 29. System 7, with PV/T modules, has the highest embodied emissions;
26% higher than System 3 and 28% higher than System 5. This is mainly due to the higher
embodied emissions of the PV/T modules, but also to some extent to the higher emissions of
the hydronic BOS. System 5 has the lowest embodied emissions, which is due to the lower area
of PV cells in this system.

Table 29. The total embodied emissions of the three solar energy systems.

System 2 (PV only)  System 5 (PV and ST)  System 7 (PV/T only)

kg COzeq kg COzeq kg COseq

PV modules 14921 13988 0

Solar collectors 0 552 0

PV/T modules 0 0 19113
Electric BOS 1951 1902 1951
Hydronic BOS 0 119 1515
Auxiliary energy 4963 4963 4963
Total 21835 21524 27542

The annualized emission values for the solar energy systems, normalized by the functional unit
for the building analysis are shown in Figure 67. The BOS makes up a substantial part, 12-15%,
of the embodied emissions of the solar energy systems. The electric BOS is by far the main
contributor, and the emissions originate approximately 60% from the inverter and 40% from
the cables.

The impact of the hydronic BOS is significantly larger for System 7, with PV/T, than for the
other two systems. However, it is still lower than the impact of the electric BOS. The
components of the auxiliary energy system (e.g. heat pump and ground collector) account for
18-29% of the total embodied emissions of the energy supply system.
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Figure 67. Embodied emissions of the different energy supply systems. The figure shows annualized
values normalized by the functional unit (1 m*Ap/year)

6.4.4.2 Emission factor

The embodied emissions of the solar energy systems were normalized by the first functional
unit, 1 kWhepg, using the energy output values from Section 5.3. In this calculation, the total
value of embodied emissions of the solar energy systems (modules, collectors, and BOS, but
not the auxiliary energy system), was divided by the total primary energy output during the
system’s lifetime. This results in an emission factor (sometimes also referred to as emission
rate) for the energy from each system, with the unit kg CO2¢q/kWh. This emission factor can be
directly compared to the grid emission factor.

Since this calculation spans over 30 years, the degradation of the PV modules are taken into
account. The value from the LCA guidelines for PV [79] is used, which is 0.7% reduction in
efficiency per year. The PV/T modules are assumed to have the same degradation in electricity
output as the PV modules. The thermal output of solar collectors and PV/T modules is here
assumed to be constant over the 30 years. The annualized electric, thermal, and primary energy
output per m? installed area of each of the solar energy systems is shown in Table 30. The
primary energy is calculated using the same method as in Section 5.3.3.1.
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Table 30. Annual energy output per installed area per year during 30 years, including degradation of
the electric performance of the modules.

System Electricity Thermal energy Primary energy
kWhe/m? kWhay/m? kWhpg/m?

3 (PV only) 131 0 301

5 (ST and PV) 124 18 295

7 (PV/T only) 129 22 310

The emission factors for solar energy from each of the three systems are shown in Table 31.
The ZEB grid emission factor over 30 years is 0.238 kg CO2/kWh and the current EU
emission factor is 0.361 CO2¢¢/kWh. The emission factor of all three solar energy systems is
thus significantly lower, which means that energy from the system is a source of less greenhouse
gas emissions per delivered kWh than electricity from the grid. The emission factors of the solar
energy systems are, however, slightly higher than the grid emission factor from the Norwegian
grid, which is around 0.041 kg COz¢q/kWh.

Table 31. Emission factors of the three solar energy systems over 30 years. Electric and hydronic
BOS, but not auxiliary energy sources, are included in the right column.

System Modules only Modules and BOS
kg COzeq/kWh kg COzeq/kWh

System 2 (PV only) 0.048 0.054

System 5 (ST and PV) 0.048 0.055

System 7 (PV/T only) 0.060 0.071

6.4.4.3 Emissions payback time and return on investment

The greenhouse gas emissions payback time (GPBT) is shown in Table 32, calculated according
to Equation ( 26 ). The GPBT is between 6.1-9.2 years using the ZEB factor and 4.0-5.9 years
using the EU grid factor. The shortest payback time is found for the System 2 (PV only) with
the ZEB grid factor (4.0 years for modules only or 4.5 years for modules and BOS). The longest
payback time is found for the System 7 (PV/T only) with the ZEB grid factor (7.6 years for
modules and 9.2 years for modules and BOS).
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Table 32. The greenhouse gas emissions payback time (GPBT) calculated using the ZEB grid factor

and the EU grid factor.
GPBT (ZEB grid factor) GPBT (EU grid factor)
System Modules only Modules and BOS | Modules only Modules and BOS
years vears vears vears
System 2 6.1 6.8 4.0 4.5
System 5 6.1 6.7 4.0 4.6
System 7 7.6 9.2 5.0 5.9

The GPBT found in previous research on PV/T systems ranged from 0.8 years to 4 years (see
Section 6.1.2), that is, slightly shorter than the values found for the PV/T system using the EU
grid factor, and significantly shorter than the values found using the ZEB grid factor. The GPBT
is directly related to the energy output of the system, and thereby to the level of irradiation at
the location. Since all of the previous studies were made in locations with higher irradiation
levels than Trondheim, it is not surprising that the values found in this study are lower.
Compared to the expected lifetime of the solar energy systems, however, the GPBT values
found in this study are low.

The greenhouse gas return on investment (GROI) is shown in Table 33, calculated as described
in Section 6.1.3.5. The GROI shows how many times the system can pay back the embodied
emissions that went into its production. A value above 1.0 means that the system pays back its
embodied emissions and so to speak “makes sense” to install. All the GROI values of the
systems are well above 1.0.

Table 33. The greenhouse gas emissions return on investment (GROI) calculated using the ZEB grid
factor and the EU grid factor.

GROI (ZEB grid factor) GROI (EU grid factor)
System Modules only Modules and BOS | Modules only Modules and BOS
System 2 5.0 4.4 7.5 6.6
System 5 4.9 4.5 7.5 6.6
System 7 4.0 33 6.0 5.1

The GPBT and the GROI shows essentially the same information, but in two different ways.
While the GPBT shows how soon an installation will pay back its “invested” greenhouse gas
emissions, the GROI shows how much total “profit” the investment will give during the lifetime
of the installation.
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6.4.4.4 Emission balance of the building

The embodied emissions of the solar energy systems were shown in Table 29 and the total
embodied emissions of the building were shown in Table 23. Based on these values, the
calculated embodied emissions of the building with the three solar energy systems are shown
in Table 34 as recommended by the ZEB guidelines [73].

Table 34. The total embodied emissions of the building and the solar energy systems.

Building and system Embodied emissions
kg CO:zeq kg COseq/year kg COzey/m’ A4y, year
Building with System 2 75468 2516 24.7
Building with System 5 75157 2505 24.6
Building with system 7 81175 2706 26.5

The solar energy systems (modules, collectors and BOS) accounted for 22% (System 2 and
(System 5) and 28% (System 7) of the total embodied emissions of the building. For System 2
and System 5, this was slightly lower than the 25% found in the original study by Inman and
Houlihan Wiberg [12], but the systems are also slightly smaller than the original one. It was
nonetheless in line with what has been found in earlier studies in the ZEB Centre.

The net emissions of the building with the three solar energy systems were calculated according
to Equation ( 27). The results are shown in Table 35 using the ZEB grid factor
(fouG,etsym = 0.238 kg CO2e¢/kWh) and in Table 36 wusing the EU grid factor
(fGrG,etsym = 0.361 kg CO2e/kWh). Also shown are the emissions related to exported electricity
(GHGexpel = Eexpel * fGHGelym), the —emissions associated with delivered electricity
(GHGuel,et = Eexp,del * fGHG,eLsym), and the total embodied emissions (GHGembodied)-
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Table 35. The net emission calculation (ZEB-OM ambition level) for the building with the three solar
energy systems using the ZEB grid factor (0.238 kg COzei/kWh).

SyStem GHGexp,el GHGdel,el GHGembodiea GHGut

kg COsy/m’Apyear kg COzy/m’Agyear kg COsey/m’Apyear kg COn/m’Apgyear

System2  20.9 5.5 24.7 9.3
System 5  19.7 54 24.6 -10.3
System7  19.6 5.5 26.5 -12.5

Table 36. The net emission calculation (ZEB-OM ambition level) for the building with the three solar
energy systems using the EU grid factor (0.361 kg COzeq/kWh).

SyStem GHchp,el GHGdcl,el GHGcmbodicd GHGnet

kg COsxy/m’Apyear kg COry/m’Apyear kg COry/m’Apyear kg COz/m’Apyear

System2 31.7 8.4 24.7 -1.3
System 5 29.9 8.2 24.6 -2.9
System 7 29.7 8.3 26.5 52

As the two tables show, all values of GHG,. are negative, which means that none of the systems
reaches a net zero emission balance at the ZEB-OM ambition level, regardless of the grid
emission factor used. The system that is closest to reaching a balance is System 2, which
includes only PV modules. The system with PV/T modules is farthest from a balance.

6.4.5 Discussion

6.4.5.1 Uncertainties

The solar energy systems contribute to a significant fraction of the embodied emissions of the
building, and the largest share of those emissions are due to the PV and PV/T modules.
Uncertainties regarding the amount of embodied emissions in these modules will therefore have
a significant impact on the end result. A further discussion of the uncertainties in the analysis
of the PV/T and PV modules was provided in Section 6.2.4.1 and will not be repeated here.

Another source of uncertainty in the analysis of the solar energy systems is the length of the
piping in the hydronic BOS. Since no specific information on the piping was available,
examples from previous research were used in the case study [180]. The thermal solar
components in System 5 covers only 4.18 m?, while all of the 78.25 m? solar installation is part
of the thermal installation in System 7. The piping length therefore has to be increased to some
degree in System 7. However, as Figure 68 shows, some PV/T systems do not require much
piping between the modules and the large amount of piping in the hydronic BOS of System 7
(138 m) might therefore be exaggerated.
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Figure 68. Piping connection between two PV/T modules from Wiosun. Photo: Johan Ahlgren,
Energiforbdttring Vst AB.

A simple sensitivity analysis of System 7 was performed to determine how much the piping
length influenced the overall results. The emissions of System 7 were calculated again but this
time with the hydronic BOS of System 5, which includes only 27 m of piping.

The results of the original and new version of System 7 are shown in Table 37. The reduction
of embodied emissions due to the reduced pipe length results in a reduction in both the emission
factor and the GPBT. However, the values for System 7 are still higher than the values for
System 2 and System 5. Furthermore, the building with System 7 and reduced pipe length did
not reach a net ZEB-OM balance using either of the two grid emission factors.

Table 37. Embodied emissions, emission factor, and GPBT of the original and new version of
System 7. The modules and BOS are included in the embodied emissions.

Embodied Emission factor GPBT GPBT

emissions (ZEB grid) (EU grid)

kg COzy/m’Apyear kg CO2/kWhpr — years years
System 7 (138 m piping) 7.4 0.071 9.2 5.9
System 7 (27 m piping) 6.9 0.067 8.6 5.5

As mentioned in Section 6.4.1, the emissions data for mono-Si PV modules are used in the
calculations even though the actually installed modules are of poly-Si type. The embodied
emissions of the Ecoinvent model of a poly-Si PV module (Photovoltaic panel, multi-Si wafer
(RER), production) are 212 kgCOxzeq/m?. If it is updated according to the same criteria as the
mono-Si PV module (see Section 6.2.2.2, the embodied emissions are reduced to
142 kg COze¢/m>. Using the Ecoinvent data for a poly-Si module instead of a mono-Si module
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would have reduced the embodied emissions of System 2 (solar modules and BOS) with around
21% and of system 5 with around 16%. This would have resulted in lower emission factors and
GPBT, and higher GROI for both these systems. The results for System 2 with mono-Si and
poly-Si modules is shown in Table 38. System. 2 is very close (-0.1 kg CO2eq/m?4y, year) to
reaching a zero emission balance if calculated with the current EU grid factor.

Table 38. Embodied emissions, emission factor, and GPBT of System 2 with mono-Si and poly-Si PV
modules. The modules and BOS are included in the embodied emissions.

Embodied Emission factor GPBT GPBT

emissions (ZEB grid) (EU grid)

kg COxy/m’Apyear kg CO2/kWhpe — years years
System 2 (mono-Si PV) 5.5 0.054 6.8 4.5
System 2 (poly-Si PV) 43 0.043 5.4 3.5

Another source of uncertainty is the lifetime of the solar thermal system. As mentioned in
Section 6.1.3.1, the lifetime of a solar thermal system is commonly assumed to be 20-25 years,
but was here assumed to be 30 years. To evaluate how much this assumption influenced the
results, a simple sensitivity analysis was performed where the lifetime of the solar thermal
system was reduced to 20 years. The building lifetime is 60 years, which means that the system
would be replaced twice. However, as this study only covers 30 years, the solar thermal system
has been accounted for one and a half times. The results comparing System 5 with 30 year
lifetime and 20 year lifetime is shown in Table 39. Only the lifetime of the solar collectors is
changed. As Table 39 shows, the impact of the reduced lifetime of the solar thermal collectors
is very modest.

Table 39. Embodied emissions, emission factor, and GPBT of System 5 with 30 and 20 year system
lifetime. The modules and BOS are included in the embodied emissions.

Embodied Emission factor GPBT GPBT

emissions (ZEB grid) (EU grid)

kg COseg/m’Ap,year kg COsy/kWhpy  years years
System 5 (30 year lifetime) 5.4 0.055 6.7 4.6
System 5 (20 year lifetime) 5.5 0.056 6.8 4.6

The inverter was the BOS component with the single largest impact on the embodied emissions.
Since the same inverter was used in all three solar energy systems it does not influence the
comparison between the systems, and no sensitivity analysis was therefore performed for this
component.

6.4.5.2 Embodied emissions and emission factors

The analysis of the emission balance of the building includes both the solar energy systems and
the rest of the building. The fact that the analyses are performed by different researchers using
slightly different methods suggests that they might not be fully comparable. In the building
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analysis, Inman and Houlihan Wiberg divided the emissions into life cycle phases (see Figure
65) and calculated specific transport distances depending on country of production.
Furthermore, the full 60 year lifetime of the building was used in the analysis by Inman and
Houlihan Wiberg, while only the 30 year lifetime of the solar energy systems were used in the
analysis presented in this thesis.

The calculation of the embodied emissions of the solar energy systems which was performed
in this thesis made use of global market processes in Ecoinvent, which means that the results
are less specific for the actual case. As shown in the example of PV/T module A (see Figure
55), this can have an impact on the embodied emissions. The use of more specific data in the
calculation of the solar energy systems might have changed their share of the total embodied
emissions of the building slightly. However, as the main objective of this analysis was to
compare different solar energy technologies to each other, it was seen as acceptable to include
less detail on components that are common for all three systems.

In studies of embodied energy or embodied emissions, the influence of the BOS on the
emissions of solar energy systems is sometimes assumed to be negligible. The results presented
here show that the environmental impact of the BOS is not negligible, but accounts for up to
15% of the emissions. This issue is studied in more detail in Paper VI, where the original system
on the Living Lab is compared to solar energy systems on two of the ZEB Centre’s other pilot
buildings. This publication also shows that it is very important to consider embodied emissions
in the choice of mounting structure for building integrated or building added solar energy
systems.

The choice of grid emission factor is another influential parameter. Since one “pessimistic” (the
current EU grid) and one “optimistic” (the ZEB ultra-green scenario) grid emission factor was
used in the calculation, the results can be regarded as a range of possible results. In any case,
the emission factor for all of the studied solar energy systems was significantly lower than both
grid emission factors, which shows that the solar energy systems contribute to reduced
emissions over their lifetime in both the optimistic and the pessimistic development scenarios
for the emissions of the European electricity grid.

6.5 Conclusions
Chapter 6 has been focusing on the embodied emissions of solar energy systems in general and
PV/T modules in particular.

Section 6.1.2 presented a review of previous research on the environmental impact of PV/T
modules. The review showed that there was a lack of research on commercially produced
modules. To add to this research, a model of a generic PV/T module was constructed based on
information from two PV/T producers in combination with a model for a PV module from the
Ecoinvent database. The embodied emissions of this PV/T module was analysed using methods
from life cycle assessments (LCA).

The major difference in the inventory of a PV module and a PV/T module is the heat exchanger,
which is only included in the latter. The analysis showed that the embodied emissions of a PV/T

158



module was around 30% higher than that of the PV module. This was mostly due to the material
in the heat exchanger. Both the two commercial PV/T modules that were used as references in
the analysis had similar heat exchangers made of stainless steel sheets. Other PV/T modules on
the market use other technologies, for example piping similar to solar thermal collectors. This
type of heat exchanger was, however, not analysed here.

The study in Section 6.1.3.7 also included an update of the PV module in the Ecoinvent database
to more current values on the amount of materials used for the solar cells, glazing, and
aluminium frame. One finding from the study was that the impact of the aluminium frame in
the modern modules was relatively small, only around 1.5% of the emissions, compared to
around 7.5% in the original module. The solar cells still accounted for the major share of
embodied emissions in the updated module.

The model of one specific PV/T module with country specific data on production and transport
distances resulted in a slightly lower value of embodied emissions. This result shows that the
model of the generic PV/T module was relatively conservative, at least for modules produced
in Europe.

Another knowledge gap found in the review of previous research in 6.1.2 was that none of the
studies were performed in areas with lower irradiation and a colder climate. The location of the
installation has a large impact on the energy and emissions payback time of the system, and the
results of studies in more sunny climates are therefore not directly transferable to Scandinavia.
Installations in locations with higher irradiation levels will in most cases have a higher energy
output and thereby shorter emissions payback time.

As discussed in Chapter 4, the design of solar energy systems also impact their energy
performance to a great extent, and the design needs to be adapted to the location. The objective
of the study presented in Section 6.3 was therefore to study how the design of a solar energy
system on a building influences the emission balance of the building. The ZEB residential
concept model was used as the case building for this study, which focused only on PV systems.

The results showed that the net avoided emissions of the solar energy systems depended more
on the amount of generated electricity than the on embodied emissions. While the amount of
embodied emissions of the thin film modules was much lower than that of the crystalline silicon
modules, the low efficiency of the thin film modules resulted in a lower total contribution to
emissions reduction over the system lifetime in this case.

The study also showed that even though modules mounted at an optimal orientation perform
significantly better in terms of delivered kWh per installed kW), these systems did not
contribute to the largest reduction in emissions over the system lifetime, or enabled the building
to reach a net zero emission balance. The only version of the building that reached a zero
emission balance had north/south facing modules or east/west facing high efficiency mono-Si
modules. This was the case even though the GPBT of the north facing modules was up to 23.9
years. Based on the results of the study, it can be questioned whether it is of importance to reach
a zero emission balance at any cost, or whether the embodied emissions could have been
“Invested” better.
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The study presented in Section 6.4 focused on how the choice of solar energy technology
influences the embodied emissions, the emission factor of the generated energy, and the
emission balance of the building. In the results presented here, no improvement in the
environmental performance was found from the use of PV/T modules instead of solar thermal
and PV modules separately, or instead of only PV modules. The model of the generic PV/T
module is, however, based on a very small number of sources, and many assumptions are used
in the life cycle impact assessment. It is highly possible that a more detailed model of the PV/T
module, perhaps including measured values on energy demand from the production, could
result in a lower value of embodied emissions. As discussed previously, it is impossible to make
any generalizable conclusions based only on this small number of case studies.

The results from both Section 6.3 and Section 6.4 show that it is quite difficult for a building to
reach a net zero emission balance at the ZEB-OM ambition level. The building in the second
case study, the Living Lab, came closer to reaching a balance than the building in the first case
study, the ZEB residential concept. The solar energy systems on the Living Lab were, however,
much larger than those on the ZEB residential concept, which also had a larger heated floor
area. The system that was closest to reaching a balance was the PV system on the Living Lab
(System 2).

The roof on the Living Lab where the solar energy systems are installed is close to optimally
inclined, and it is therefore difficult to increase the energy performance of the system to any
significant degree.?? The energy demand of the case building is low (close to passive house
level). It can therefore be concluded that a significant reduction in the embodied emissions
would be necessary in order to reach a net ZEB-OM balance.

The solar energy systems were found to account for 22-28% of the embodied emissions in the
two case studies. The major part of the embodied emissions of PV and PV/T systems are
associated with the use of high-purity silicon for crystalline silicon solar cells. Reductions in
the embodied emissions of PV and PV/T modules are possible with further improvements in
production technology. The use of other solar cell materials, such as thin films, could also be a
method of reducing the embodied emissions. However, as the first case study showed, further
efficiency improvements are needed for these technologies to really compete with crystalline
silicon technology, even though the embodied emissions are lower.

The studies showed that all three types of solar technologies studied resulted in lower emission
factors than the emission factors for electricity from the European grid. The payback times were
also found to be significantly lower than the lifetimes of the systems. This shows that even
though the amount of embodied emissions of the systems are relatively high, they still
contribute to reduced emissions over their lifetime.

The embodied emissions of solar modules, or indeed any other product, would also be lowered
by using more renewable energy in the manufacturing process. So, while solar energy systems

22 1t should be noted that shading was not included in the Living Lab case study (see Section 5.3.2.2).
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with solar cells are associated with high amounts of embodied emissions they also contribute
to greening the power system, thereby reducing the embodied emissions of products
manufactured in the future.
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Chapter 7: Conclusions

The objective of this thesis was to answer the research question: What is the potential of PV/T
systems to minimize the life cycle greenhouse gas emissions of a residential building? The
research question was divided into three sub-questions:

a) How should PV/T technology be used in buildings to achieve high energy output and
good load coverage?

b) How does the energy performance of PV/T systems compare to that of separate PV and
solar thermal systems?

¢) How does the environmental impact of PV/T systems compare to that of separate PV
and solar thermal systems?

These questions were addressed through case studies, which have been presented in this thesis.
The findings from the studies are summarized with regard to each of the three sub-questions in
the following sections. There are of course many connections between the sub-questions, and
the division into sections is not completely strict. The main research question is addressed in
Section7.4.

7.1 Sub-question a
How should PV/T technology be used in buildings to achieve high energy output and good load
coverage?

This question was primarily addressed in Chapter 4, where the design of solar energy systems
in general and PV/T systems in particular was discussed. The information in Chapter 4 was
based mainly on guidelines and published literature on the design of PV systems and solar
thermal systems, but also on the review of PV/T installations on buildings which was presented
in Chapter 3 and Paper I.

Since PV/T is a hybrid technology, the design of a well-functioning PV/T system should
consider aspects of both PV system design and solar thermal system design. These design
aspects can sometimes be conflicting. For example, grid connected PV systems do not
necessarily have to be limited in size since surplus energy can be injected to the grid, while an
over-dimensioned solar thermal system will experience overheating, lower efficiency, and
possibly even damage to components. On the other hand, the energy output of PV modules is
more affected by shading than that of solar thermal collectors.

Some general guidelines can be given based on design principles for PV and solar thermal
systems: The orientation of the modules should be adapted to the intended use of the energy
output. Higher tilt angles result in a flatter energy output profile over the year and slightly
increases the yield during the shoulder seasons, while lower tilt angles will favour energy
generation during summer. Over-dimensioning should be avoided if covered PV/T modules are
used, due to the risk of overheating. Shading should be avoided as far as possible. If shading is
unavoidable, the orientation of the modules can be adapted to minimise the impact, or micro-
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inverters or power optimisers can be used. The impact of snow, and how it can be removed if
necessary, also needs to be considered. If possible, measurements or observations should be
performed on the site prior to the installation to assess the impact. High tilt angles are
recommended to avoid snow accumulation, and also the use of frameless modules.

Whether it is the PV system or solar thermal system design aspects that will be of more
importance in the design of a PV/T system depends on the type of PV/T modules that are used
and the intended use of the energy.

The review of PV/T systems in buildings revealed that the PV/T modules in what is probably
one of the largest systems to date, the installation in Suurstoffi in Switzerland (Figure 25), were
installed almost horizontally on flat roofs. In this case, the electricity output was the priority,
and the heat exchangers in the PV/T modules were used for cooling the PV cells during summer
rather than providing water at as high temperature as possible. The collected heat was then used
to thermally charge boreholes in the ground.

In other examples of PV/T systems, such as the off-grid system on the Arpont Shelter in France
(Figure 23), the PV/T system was designed according the load of the building. In this case, the
load was largest during the morning and evening, and the PV/T system was therefore mounted
on the facade with orientation ranging from east to west to catch the morning and evening sun.

In general, the thermal output of PV/T systems are of lower temperature than that of similar
installations of solar thermal collectors. The difference is smaller for covered PV/T modules
than for uncovered PV/T modules. The latter type was found to be the most commonly available
on the market today and has also been the main focus of this thesis. Because of the relatively
low temperature of the thermal output, PV/T modules perform best when they are integrated
into an energy system where low temperature heat is useful.

Covered PV/T modules can to some extent be seen as an alternative to solar thermal collectors,
but a larger installed area is necessary to get the same thermal energy output. In the first case
study (Section 5.2 and Paper II) a thermal solar fraction of close to 100% during the summer
was achieved with 8-10 m? solar collectors compared to 16 m* covered PV/T modules.

Due to their lower thermal efficiency, uncovered PV/T modules cannot be used in the same
way as solar thermal collectors and should be regarded more as an alternative to PV modules.
With uncovered PV/T modules, it was only possible to reach a thermal solar fraction during
summer of around 40% in the first case study, even with a system covering the whole available
area (30 m?). This system was, however, able to cover the full electricity load of the building.

In the second case study (Section 5.3), the uncovered PV/T modules were found to be unsuitable
for direct heating of domestic hot water, but useful for space heating, or preheating for domestic
hot water or a heat pump. The system with 78.7 m? uncovered PV/T modules in this study
reached a similar thermal solar fraction as a solar thermal collector system of 4.2 m?,
around 50%. The PV/T system did, however, also generate around three times the annual
electricity load.
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The combination of PV/T modules and heat pumps of different types was frequently found both
in literature and in installed systems. In smaller residential systems, PV/T modules were
generally found to be combined with air-source heat pumps into energy systems that could
provide domestic hot water and space heating. In larger systems, it was common to combine
the PV/T modules with ground source heat pumps. However, it was also found that the energy
demand for operation of circulation pumps and other equipment could easily be larger than the
increase in energy output from the use of PV/T modules.

Different integration options between PV/T modules and heat pumps were discussed in
Chapter 4 and studied in the case studies in Chapter 5, and the use of PV/T modules as pre-
heaters for heat pumps was found to be particularly interesting. The second case study
(Section 5.3) showed that the use of PV/T for pre-heating of a ground source heat pump could
increase the primary energy output of the modules. The conclusions from the study of PV/T
modules in combination with heat pumps is further discussed in the next section.

To summarise, the following points should be considered for the use of PV/T modules in
building energy systems in Scandinavia:

e The design of PV/T systems needs to consider design aspects for both PV systems and
solar thermal systems. Which of these aspects that are more important depends on the
type of PV/T modules used as well as the intended use of the energy output.

e Covered PV/T modules can be used in a similar way to solar thermal collectors, but a
larger area is required due to the lower thermal efficiency.

e Uncovered PV/T modules should be integrated into an energy system where low
temperature heating is useful. Uncovered PV/T modules are not useful for direct
preparation of domestic hot water, but for space heating or for preheating in combination
with heat pumps.

e Combining PV/T modules with heat pumps was found to be a promising solution, both
in the review of previous research and in the case studies presented here. The use of
PV/T modules on the source side of ground source heat pumps resulted in an increase
in energy output from the PV/T modules.

7.2 Sub-question b
How does the energy performance of PV/T systems compare to that of separate PV and solar
thermal systems?

The energy performance of PV/T systems was the focus of Chapter 5. Case studies of two
Norwegian residential buildings were performed, and the theoretical performance of PV/T
modules was compared to that of separate PV modules and solar thermal collectors through
simulations. The analysis boundary was in both cases the area of the roof where the solar energy
systems were installed.

Any comparison of different solar technologies is related to several methodological choices, for
example on what grounds the modules should be compared, how the output of different energy
carriers should be weighted, and how the energy is going to be used. The results that were
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presented in Chapter 5 must therefore be regarded with reference to the methodological choices
made in each case.

In previous research as well as in this thesis, electricity output as well as the thermal energy
output of a PV/T module was found to be lower than the output of a comparable PV module or
a solar collector, respectively. However, as shown in both the first case study in Section 5.2 and
Paper 11, and the second case study in Section 5.3, the total combined output of electricity and
thermal energy of a PV/T module in a well-designed system was higher per unit area. The
increase was up to 18% in the first case study and around 6% in the second case study.

The original idea of the PV/T concept was to increase the electricity output of PV modules by
cooling them, and at the same time making use of the waste heat. None of the simulations in
this thesis found a decreased temperature of PV/T modules compared to PV modules. This was
also the general conclusion found in the PV/T roadmap from 2006 [119]. However,
measurements from some installed systems show that the electricity output can be higher in the
PV/T modules compared to PV modules. Measurements from the Suurstoffi installation
mentioned above found that the energy output from PV/T modules was higher than that of PV
modules by around 10% over the year, and up to 20% in the summer [134]. This could indicate
that the benefit of cooling is higher in warmer climates, where modules are oriented to favour
summer yield, or where the ground is available as a free source for cooling.

The results from the first case study (Section 5.2 and Paper 1), where the solar energy system
is combined with an air-to-water heat pump, suggests that covered PV/T modules could give
an increased output compared to solar thermal collectors. The output temperature of covered
PV/T modules is relatively high, and this type of modules can therefore contribute to both DHW
preparation and space heating in a building. However, the analysis of covered PV/T modules
presented in this thesis is uncertain since it is based on a very limited set of data sources. The
system with uncovered PV/T modules had a higher energy output than side-by-side installations
of PV modules and solar thermal collectors of average efficiency, but a lower energy output
than a side-by-side installation using state-of-the art PV modules and solar thermal collectors.
Due to the use of modules with different efficiencies, it was difficult to draw any general
conclusions from the first case study.

PV and PV/T modules with similar electric efficiency were used in the second case study
(Section 5.3). In this study, PV/T modules and a ground source heat pump were simulated with
two different system designs: a separate connection type, where they operate mostly
independently of each other, and an integrated connection type, where PV/T modules can also
contribute to the source side of the heat pump. In primary energy per installed area, the PV/T
system where the modules were connected to the source side of the heat pump had the highest
primary energy output of all the studied systems, while the system where the PV/T modules
were connected directly to the storage tank had the lowest output. The integrated connection to
the heat pump increased the primary energy output of the PV/T system by 7-8%. The same
number of PV/T modules was used in both cases.

In terms of net energy demand of the building, the systems where the PV/T modules were
integrated on the source side of the heat pump resulted in higher net energy surplus over the
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year compared to the systems with side-by-side PV modules and solar thermal collectors on the
same area. On the other hand, the system with only PV modules resulted in the highest net
energy surplus of all the systems. The results from this case study highlight the importance of
system design for optimal performance of PV/T systems: uncovered PV/T modules need to be
used in low temperature applications, such as assisting a heat pump, due to the low temperature
of their thermal output.

The results from the second case study also show the influence of the control system. Two
control strategies were tested for the PV/T and heat pump system with integrated connection:
temperature control and seasonal control. In the first system, the mode of operation of the PV/T
and heat pump system was controlled by the fluid temperatures, so that the PV/T modules
contributed firstly to DHW preparation when the module temperature was high enough, and
secondly to assist the heat pump. In the system with seasonal control, the PV/T modules were
used for DHW preparation during summer and heat pump assistance during winter.

The results showed that the temperature-controlled system had the highest primary energy
output, while the seasonally controlled system resulted in the highest net energy surplus. In
other words, the temperature-controlled system resulted in the highest energy output from the
solar thermal system, but the system with seasonal control reached the best performance if the
whole building was considered in the analysis. The primary reason was that the increase in
energy demand of circulation pumps was larger than the increase in energy output in the system
with temperature control compared to the seasonally controlled system. The energy
consumption of circulation pumps in the PV/T systems with integrated heat pump connection
was also up to 27% higher than in a system with a separate connection of the PV/T modules
and the heat pump. An implication of this is that there is a large potential in developing the
control system to reach a good compromise between PV/T performance and the energy use of
the system.

The main conclusions from the studies of energy performance are:

e PV/T modules were found to have lower electricity as well as thermal energy output
than a comparable PV module or a solar thermal collector, but a higher total energy
output per unit area.

e None of the simulations in this thesis showed a cooling effect on the PV cells in the
PV/T modules. Increased electricity output from cooling of the PV cells is probably of
less importance in a Scandinavian climate compared to warmer climates, and not in
itself sufficient to warrant the use of PV/T modules.

o The first case study, of a building with a solar energy and air-source heat pump system,
suggests that covered PV/T modules could give an increased output compared to solar
thermal collectors, and that uncovered PV/T modules may be beneficial compared to
side-by-side installations of PV modules and solar collectors. However, the results are
inconclusive due to the method used for comparing different module types.

e The results from the second case study show that, given the same available roof area, a
system with uncovered PV/T modules and a ground source heat pump in an integrated
connection resulted in a slightly higher energy surplus for the building than a system
with separate PV modules and solar thermal collectors, but a lower energy surplus than
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that of a system with only PV modules. The same PV/T system, but without integration
on the heat pump source side resulted in lower primary energy output than all the other
systems.

o Integrating PV/T modules on the source side of the heat pump resulted in a lower energy
withdrawal from the ground. The length of the ground collector could therefore have
been decreased, with lower cost and material use as a result.

e Due to the lower energy withdrawal, this resulted in less cooling of the ground over
time. However, the impact of this was negligible in the case study of the Living Lab,
but may be of importance in other situations, such as refurbishment of under-
dimensioned ground source heat pump systems.

e The control strategies used in systems with an integrated connection between PV/T
modules and ground source heat pumps are of great importance for the overall
performance of the systems. The use of energy for circulation pumps can be larger than
the energy saving from integrating PV/T in the system if it is not properly designed.

Finally, it should be pointed out that the results of the two case studies give no clear responses
to the question of whether it would be better to install a PV/T system than separate PV and solar
collector systems. The performance of the systems are to a large extent case-specific, and
factors such as location, type of auxiliary heat source and other components, and mode of
connection have a large influence on the results. In addition, the results of the analyses are
affected by the methodological choices in the analyses. One conclusion is, however, that it is
easier to design and construct a well-functioning system of separate PV modules and solar
thermal collectors, than a system with PV/T modules.

7.3 Sub-question c
How does the environmental impact of PV/T systems compare to that of separate PV and solar
thermal systems?

The environmental impact of solar energy systems was the focus of Chapter 6. The analyses in
this chapter looked at the embodied emissions of different solar technologies and different
system designs. A review of published research on the environmental impact of PV/T modules
revealed that there were no studies performed on industrially produced modules or in regions
with irradiation levels similar to those in Scandinavia.

To address the gap in earlier research, a generic uncovered PV/T module was modelled based
on data from two European PV/T producers (Section 6.1.3.7). An updated version of a PV
module from the Ecoinvent database was used as a starting point. The embodied emissions of
the PV/T module were determined by using methods from life cycle assessments (LCA). A
single issue assessment of the impact factor Global Warming Potential at 100 years
(GWP100a) [9] was used.

It was found that the PV/T module had around 30% higher embodied emissions than a
comparable PV module, and that the difference was mainly due to the stainless steel heat
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exchanger. The results were thus very dependent on the impact of one single component about
which there was not much information available, and they need to be used with care. The main
source of embodied emission for both the PV and PV/T modules was the crystalline silicon
solar cells. Furthermore, an analysis performed with more detailed information of production
countries and transport distances instead of global data resulted in a lower value of embodied
emissions from the PV/T module, indicating that the first results are on the conservative side.

A case study was used to evaluate the influence of system design on the net emissions of a
building (Section 6.3). If was found that a high module efficiency was more important than low
embodied emissions in order to achieve a high total emissions reduction. It was therefore not
the system with the shortest greenhouse gas payback time (GPBT) that resulted in the largest
total reduction in emission during its lifetime, but the system with the highest total energy
output. The highest energy output was furthermore a result of the system size rather than the
performance of the modules. It was therefore not the systems with the best performance in
terms of kWh output per installed kW, that reached the highest total emissions reduction, but
the systems with the largest total module area.

A second case study evaluated how the choice of solar energy technology affected the net
emissions of the building (Section 6.4). The building with a PV/T system had the highest
embodied emissions due to the higher embodied emissions of the PV/T modules compared to
the other two technologies. As the case study on energy performance in Section 5.3 showed,
the primary energy output was highest for the PV/T system. However, the output was not high
enough to make up for the higher embodied emissions. None of the three studied systems in
this case study enabled the building to reach a net zero emission balance. The building with
only PV modules came closest, and the building with PV/T modules was farthest from a
balance.

The GPBT of the modules and systems were determined in both case studies. The GPBT
depends on the design of the installation and on the value of the generated electricity, which in
this case was related to the choice of electricity grid factor. All GPBTs were lower than the
expected lifetime of the modules, which means that the solar installations would result in a net
reduction in greenhouse gas emissions over their lifetime. However, the GPBT of PV/T
modules were slightly longer than that of PV modules and solar thermal collectors.

As the case studies presented in this thesis have shown, the choice of grid emission factor has
a large impact on the results. Two different factors have been used to a represent a range of
plausible scenarios: the current EU grid mix (0.361 kg CO2e/kWh) and average grid mix from
the ultra-green scenario for the European energy system which was developed in the ZEB
Centre (0.132 kg CO2¢¢/kWh during 60 years or 0.238 kg CO2eq/kWh during 30 years). The
positive impact of using renewable energy systems is much higher with a higher grid impact
factor. In a grid with higher associated emissions, every kWh provided by solar energy oftf-sets
more greenhouse gas emissions than a kWh in a grid with lower associated emissions. In a grid
with a high emission factor, it would therefore be considered more “acceptable” to install a
solar energy system with high embodied emissions.
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Another result from both case studies was that it is very demanding to reach a zero emission
balance at the ZEB-OM ambition level (including operation and materials, see Section 2.2.1).
Only four out of the 19 systems studied reached a balance. All of these systems included
modules with non-optimal orientations, even north facing modules. The GPBT time of the north
facing modules was up to 23.9 years, which must be regarded as a poor “investment” of
embodied emissions considering an assumed system lifetime of 30 years. The ultimate goal of
reaching a net ZEB-OM balance can therefore be questioned: is it necessary to reach zero
emissions if it means that the embodied emissions of the building are unnecessarily high? A
smaller solar energy system could have nearly reached a zero emission balance, but with less
environmental impact in the production phase. Another point is that a/l buildings perhaps do
not have to reach a zero emission balance; some buildings have high energy demand and little
available space, while others have low energy demand but large available areas. It might
therefore be more useful to look at zero emission balance from a neighbourhood perspective,
something which is getting more and more focus in the research community.

The main conclusions from the studies of environmental impact are:

e The studied generic PV/T module was found to have 30% higher embodied emissions
than a modern PV module. The difference in embodied emissions was due in most part
to the use of a stainless steel heat exchanger in the PV/T module. The embodied
emissions of the PV/T module were, however, lower than values found in published
literature.

e The modules with the lowest greenhouse gas payback times did not result in the largest
total reduction in emissions. High efficiency was found to be more important than low
embodied emissions in order to achieve this.

e No benefit of PV/T modules was found in the analysed case study compared to solar
thermal collector and/or PV modules in terms of their contribution to reduced
greenhouse gas emissions. This result from a single study can, however, not be
generalised for other cases.

e The choice of grid emission factor had a significant impact on the results. The emission
factors for energy from all the solar energy systems, regardless of technology, were well
below the emission factor of the European grid, also in the optimistic ZEB ultra-green
scenario for the European energy system. This means that | kWh of energy from the
solar energy systems is the source of less emissions than 1 kWh of energy from the grid.
The emission factors of the solar energy systems were, however, slightly higher than
those for the current Norwegian electricity grid.

e The solar energy systems accounted for 22-35% of the total embodied emissions of the
studied buildings. This result was in line with earlier findings in the ZEB Centre.

e The embodied emissions of BOS (balance of system) were found not to be negligible,
as they account for up to 15% of the embodied emissions of the solar energy system.
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7.4 Main research question

What is the potential of PV/T systems to minimize the life cycle greenhouse gas emissions a
residential building?

In the presented studies, the potential of PV/T systems to fulfil the energy demand of a zero
emission residential building is not significantly larger or significantly smaller than that of other
solar energy technologies.

No clear benefit of cooling the PV cells was found in the simulations; the electricity output of
the PV/T modules was actually lower than that of a PV module with similar efficiency. Based
on results from installed systems, the impact of cooling the modules is probably of greater
importance in warmer climates and in systems where the focus is on high electricity yield during
summer.

The thermal output of PV/T modules is in general useful only in an energy systems where low
temperature heat is valuable, and the system design is therefore of great importance to achieve
good performance of PV/T modules. The combination of PV/T modules and ground source heat
pumps showed potential to increase the efficiency of a building’s energy system compared to
other solar energy technologies, especially when PV/T modules were installed on the source
side of the heat pump. However, the studies also showed that it is a complex task to design such
as system, and the energy demand required to operate it can be higher than the gains, if not
properly designed.

In terms of emissions, no benefit of PV/T modules were found in the case studies. The PV/T
module had around 30% higher emissions than a comparable PV module, but the increase in
energy output from the PV/T module was not high enough to allow for this. The lowest emission
factor for the generated energy was found to be for the system with only PV modules.

The cost of PV/T modules was not investigated in this thesis. However, it can be expected that
the cost of a PV/T installation will be higher than that of an installation with only PV modules.
The cost of PV modules have plummeted over the last decades, along with the increase in the
market and development of more efficient production methods. In addition, a PV/T system
requires hydronic components which are not necessary in a PV system. The cost difference
between a system with only PV/T modules and a system with PV modules and solar thermal
collectors is more uncertain.

Even though all of the studied solar energy systems were the source of a high share of the
embodied emissions of a building, they also contributed to a large reduction in greenhouse gas
emissions over their lifetime. The generated energy from the systems was associated with
significantly lower emissions than the alternative energy source, which in this case was the
European electricity grid. That is, solar energy installations, PV/T systems included, contribute
to reduced emissions also in a Scandinavian climate.

It was in general found to be quite difficult to reach a net zero emission balance for a building,
at least when the embodied emissions of materials were included. A large solar energy
installation was necessary to reach a balance, which sometimes resulted in non-optimal system
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designs. Nearly zero emission buildings, or zero emission neighbourhoods, might be a more
feasible goal for new buildings.

Finally, it should be taken into account that integration of renewable energy sources into the
energy system will contribute to a reduction of the environmental impact of grid electricity.
This reduces the embodied emissions of future products, for example solar energy modules,
which are produced using energy from this grid.

7.5 Suggestions for further research

The use of PV/T systems in zero emission buildings have been studied from several
perspectives in this thesis. However, it has only been possible to cover a small fraction of the
potential applications within the limited scope of a Ph.D. project. Several limitations were put
on the work from the start, which also limits the transferability of the results: the focus has been
only on single-family residential buildings in Scandinavia, and only uncovered flat plate PV/T
modules with liquid heat transfer has been analysed.

The results from the thesis, as well as from installed systems, suggests that the combination of
PV/T systems and ground source heat pumps could be of interest. However, in this case there
is great potential for development of the system design and the control strategy in order to reach
better energy performance. Only single family buildings were studied here, but larger benefits
could possibly be found for this type of system in multi-family houses or non-residential
buildings, which may be a better application for PV/T systems, and where the issues of limited
available roof area is of greater importance.

Only a limited study of the life cycle environmental impact of PV/T modules was presented in
this thesis. More work is necessary to provide a more detailed and more reliable model of a
commercially produced PV/T module. A closer cooperation with a PV/T producer could make
it possible to create a more detailed model of the production chain, and to also include a more
detailed assessment of the energy consumption during production.

The case studies in this thesis are based solely on simulations. There are so far few PV/T
installations in Scandinavia and none in Norway, and there has been limited possibilities to find
measurement data to validate the simulation results. It would therefore be of great interest to
study actual installations in Scandinavia, and to be able to perform measurements over time.

The load match and grid interaction was only briefly studied in this thesis, and deserve more
focus. It would also be of interest to investigate how energy storage could be used to increase
the self-consumption and load match, as well as improving the economic benefit of the solar
energy systems. The economics of PV/T systems compared to other alternatives should also be
analysed in general.

Other possible areas for future research include different combinations of PV/T modules and
heat pumps, a further study of covered PV/T modules or other PV/T technologies in addition
to uncovered flat plate PV/T, and performance measurements of different PV/T installations in
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Scandinavian climate. Aspects related to the technical building integration would also be of
interest, such as methods for physical integration and architectural integration.
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Appendix A: Life cycle inventories

Note: All values are default allocation unit from Ecoinvent 3.1, extracted using Simapro 8,
unless otherwise specified.
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Abstract

This paper presents a review of projects where hybrid photovoltaic-thermal (PV/T) systems are used in buildings. PV/T systems
convert solar radiation to electricity and heat simultaneously, in one module. The output of both electricity and heat suggests that
the technology can be suited for use in buildings, especially when the available area for installation is limited. The market and
research activities related to PV/T technology has increased in recent years. This article adds to existing reviews on PV/T
technology by focusing on the building perspective. Different strategies for the use of PV/T in buildings are discussed, and
examples of building projects are presented. An attempt is also made to assess to suitability of different PV/T technologies for
use in buildings. Finally, the regional variations in market and applications are discussed.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review by the scientific conference committee of SHC 2014 under responsibility of PSE AG

Keywords:photovoltaic-thermal, PV/T, buildings, integration

1. Introduction

Hybrid photovoltaic-thermal (PV/T) modules generate heat and electricity simultaneously in one module. The
basic idea of the concept is to utilize more of the solar radiation by also harvesting the waste heat that is generated in
photovoltaic (PV) modules. Since PV cells generally become less efficient with increasing cell temperature, the heat
removal has a double benefit: the waste heat is utilized and the modules are cooled.
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The technology is not new; the first studies were published in the mid-1970s, and several different concepts and
ideas have been studied during the past decades. A number of reviews have been published on the topic of PV/T
technology in the last couple of years, for example by Zhang et al.[1], Tyagi et al. [2] and Chow et al. [3]. The focus
of these reviews spans from laboratory work on new concepts to examples of applications. There are also a number
of publications describing pilot installations of PV/T systems for different applications in many parts of the world,
including buildings. This paper adds to the existing literature by focusing on the use of PV/T in buildings. Although
there are a large number of laboratory and experimental installations of PV/T systems worldwide, the focus of this
paper is largely on commercial systems. Different technologies and strategies that are used in buildings are
discussed, and examples of building projects are presented. An attempt has also been made to assess the suitability
of the different technologies for use in buildings by the use of specific indicators.

On a global scale, the building sector accounts for a third of the total energy demand. Increasing the use of
renewable energy sources in buildings is therefore of great importance in the effort to reduce global greenhouse gas
emissions. Since buildings require electricity as well as energy for heating and cooling, PV/T systems are a
potentially attractive solution for buildings. Other claimed benefits of PV/T systems are that they require less space
than separate solar thermal and PV systems, and can provide a more uniform architectural appearance.

2. Method

A number of different sources are used to collect the information presented in this paper. The paper is based on a
review of relevant scientific publications and projects, as well as communication with PV/T system manufacturers
and installers.

The list of projects and producers that was gathered in IEA SHC Task 35 — PV/Thermal solar systems have been
used as a starting point [4]. This international project, which was active during the years 2005-2010, had partners
from Canada, Denmark, Sweden, Italy and the Netherlands. Manufacturers, universities, and research institutes from
Germany, Greece, Hong Kong, Italy, South Korea, Thailand, and Spain several other nations are also reported to
have participated.

Other sources of information are publications in peer-reviewed journals and conference proceedings, as well as
company information, case studies and personal communication. The review presented here is not intended to be a
complete list of PV/T projects, but rather to provide an overview of the market development and some examples of
the different cases.

A thorough evaluation of collector performance is beyond the scope of this publication, but the performance of
PV/T technologies have been assessed on more general terms according to their suitability for use in buildings. The
assessment was made using four indicators, described below. The evaluation is based on findings from the literature
review, and information from producers and installers.

e Building integration potential. This indicator describes an estimation of how well the technology can be
integrated into buildings. The focus is on the functional integration and not the aesthetic integration. Indicator
values are high (the technology is well suited for building integration), medium (integration is possible, but the
integration options are limited), /ow (not suitable for integration).

e Electricity output. This indicator describes if the electricity output increased, similar or decreased compared to a
normal PV module without utilization of thermal energy.

e Thermal output. This indicator describes if the thermal output is most promising for direct use, such as heating of
domestic hot water, or if it needs to be used indirectly, such as input to a heat pump.

e Available products. The number of available products. Indicator values are low (below 10 products), medium (10-
40 products) and, high (above 40 products). Note that these indictor values cannot be directly compared to the
number of available products for pure solar collectors or PV modules, where the market is much larger.
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3. Results
3.1. PV/T collector technologies

There are several types of PV/T collectors, and the concepts are so different that is makes little sense to discuss
‘PV/T systems’ without further specification. Other reviews have also found that a more precise language needed to
be defined in order to characterize the different systems [5]. In general, a distinction can be made between PV/T
collectors with liquid heat transfer medium (PV/T-liquid), PV/T collectors with air as the heat transfer medium
(PV/T-air) and concentrating PV/T collectors. In addition, the collectors can be made using PV technologies such as
crystalline of thin film PV, and different solar thermal technologies such as flat plate collectors, evacuated tube
collectors or heat pipes.

For flat plate PV/T modules (with either liquid or air as heat transfer medium), a distinction is made between
covered and uncovered collectors (sometimes called glazed and unglazed). The nomenclature is in this case
somewhat confusing, since both types are actually covered by a protective glass sheet like the one used for PV
modules. The covered or glazed PV/T collectors have an additional transparent cover at a distance from the absorber
surface for thermal insulation.

The basic idea of PV/T collectors is to utilize the waste heat from solar cells, but there is also a dilemma: the
solar cell output is highest when the modules are cool, while the temperature should be high to maximize the
thermal output. A high temperature may also damage the materials in the PV module, leading to e.g. delamination.

The thermal output of flat plate PV/T-liquid collectors is lower than that of pure solar thermal collectors,
especially for the unglazed PV/T collectors where the heat loss to the surroundings is high. The design and
integration of PV/T into the rest of the building energy system is therefore of high importance in order to reach good
efficiencies. So far, covered PV/T collectors are relatively rare in the market [5].

In PV/T-air systems, air is used as the heat transfer medium. The heated air can be used in directly in the
ventilation system, or it can be connected to a heat pump. In a ventilated PV system, such as a fagade, both the
electricity and the waste heat can be utilized, but specific PV/T components are not always needed. PV/T-air
systems can also be ducted, so that the heated air can be transported from the modules to the ventilation system.

A few examples of evacuated tube PV/T collectors were also found. In addition, a small number of “add-on
collectors” are also available on the market. These are can be added to the backside of a normal PV-module to turn it
into a PV/T module. There are also a few other concepts under development, such as PV/T windows, PV/T roof tiles
and PV/T ventilation units. The PV/T solar assisted heat pump (SAHP) can also be considered a concept of its own.

3.2. PV/T in buildings

Based on the findings in the literature review, four general types of installations can be identified: ventilated PV
installations and air-based PV/T, small scale PV/T-liquid systems, large-scale PV/T-liquid systems with ground
source heat pumps, and industrial and non-residential buildings with concentrating PV/T installations. In addition, a
division can be made between projects with building integrated PV/T systems and projects where PV/T collectors
are added onto building roofs. The ventilated PV/T projects are generally building integrated, at least to a certain
degree. Ducted PV/T-air systems are both found integrated and added onto roofs. PV/T-liquid installations were
found in both categories, but the concentrating PV/T installations are not suitable for building integration.

3.2.1. PV/T-air and ventilated PV systems

In their review of recent PV/T developments, Chow et al. [3] reports that, at least in published research, building
integration of air-based PV/T systems are more popular than that of water-based systems. The overview of projects
that were published by Task 35 in 2007 lists around 20 projects where PV/T products were developed as a part of
the energy system [4]. Air-based PV/T systems were the most common type in these projects, and only two of the
PV/T systems (one of which was a concentrating PV/T) used a liquid heat transfer medium.

One reason for the relative abundance of air-based projects may be that it is a quite simple step up from
installing a PV system. An air gap is usually provided behind PV installations to ensure proper ventilation and
cooling of the modules. Making active use of this heated air in such a ventilated PV system turns it into a PV/T
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system. One early example of this type is the Matar¢ Library in Spain, which has a 20 kWp ventilated PV fagade
with solar air collectors for preheating of the ventilation air [6].

The Canadian company Conserval Engineering specializes in transpired solar collectors, a type of solar air
collector. The company has also developed a PV/T air system (SolarWall PVT), and has made several large scale
installations around the world with both fagade integrated systems and roof mounted systems with air ducts. The
PV/T concept was developed at Concordia University, Montreal, and demonstration system (Fig. 1, left) was
installed at the university in 2007 [7]. The gross area is close to 300 m” and has is rated at 24.5 kW electric and
75 kW thermal power. The installation provides heating to the ventilation system, and the system performance is
monitored by the university.

An example of the ducted type of installation is the system at the Beijing Olympic village [8]. The 50 m” system,
shown in Fig. 1 (right), is rated at 10 kW electric and 20 kW of thermal power, and was built to showcase renewable
energy during the Beijing Olympics. The heat from the PV modules is ducted to the ventilation system of the
building. The panels on the upper edge of the roof in Fig. 1 are building integrated transpired solar thermal
collectors (without PV) from the same company.

Fig. 1. The SolarWall PV/T facade at Concordia University, Montreal (left), and the SolarWall PV/T installation on the Olympic village in
Beijing (right). SolarWall® PV/T system, photos courtesy of Conserval Engineering.

3.2.2. Small and medium scale PV/T-liquid systems

While having the advantage of being simpler, air based systems are generally found to be less efficient than
liquid based ones, and recent projects incorporate liquid-based PV/T systems to a greater extent. Since the Task 35
overview from 2007, there has been a large increase in the number of PV/T projects. There also appears to have
been a shift in the type of installations, from mostly ventilated or PV/T-air systems to now also including a high
share of projects with PV/T-liquid collectors. However, the markets still appear to be quite country-specific and are
sometimes dominated by one manufacturer or installer.

The use of PV/T-liquid collectors makes it possible to integrate the PV/T system into hydronic heating systems in
buildings, which can be adapted to low temperature heat sources. The collectors can be connected to a storage tank
and combined with other heat sources, such as different typed of heat pumps or biomass boilers. The systems can be
used for space heating, domestic hot water (DHW) preparation or both. Examples of these types of systems are
found in several countries.

In the U.K., the number of PV/T installations has increased rapidly in the past decade. The company Newform
Energy claims to have hundreds of installations across the country, from small systems up to complex multi-source
energy installations [9]. Based on the available case studies, most of the systems are grid-connected in the range 2-
10 kWp and a majority is installed on residential buildings. Both covered and uncovered PV/T collectors are used,
sometimes also together in the same system.

In France, the PV/T startup DualSun has around 30 monitored installations throughout the country. Most are in
the range of 6 to 12 modules (1.5-2 kWp), but there are also larger installations. The smaller residential systems
typically include both flat plate PV/T collectors and regular PV modules. A system of 6 modules and a 300 1 storage
tank, shown in Fig. 2 (left), is reported to cover around 65% of the hot water demands for a single family building in
Marseille in southern France [10].
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Several of the small and medium scale installations that were found use heat pumps for auxiliary heating as a part
of the energy supply system. Fang et al. [11], also reports that PV/T hot water systems and PV/T heat pumps are the
most commonly studied systems in China. On type of system that is studied is the PV/T solar assisted heat pump
(SAHP), where the PV/T module is integrated in the heat pump and used directly as evaporator. According to
REN21 [12], there are 130 hybrid solar thermal-heat pump systems available from 80 producers, although it is not
clear how many (if any) of these incorporate PV/T collectors.

Fig. 2. A roof integrated PV/T system in Marseille, southern France (left, photo courtesy of DualSun), and the Absolicon PV/T installation to the
local hospital in Harnosand (right, photo courtesy of Absolicon).

3.2.3. Large scale PV/T-liquid systems with ground source heat pumps

Ground source heat pumps and borehole thermal storage is also used in combination with PV/T systems. In such
systems the low temperature thermal output can be used either directly in the heating circuit or, when heating is not
needed, to regenerate the ground. Three examples of such systems were installed in the Gothenburg region of
Sweden, where the heating from PV/T collectors is used to improve the performance of under-sized bore holes [13].
The largest of the installation is Jittens Gomme, where 400 m” of unglazed PV/T collectors from German producer
Wiosun, 272 kW collected heat pump power, and 28 bore holes provide heating and hot water to 90 apartments.

The housing complex Bern Oberfeld in Switzerland is still under construction, but it will, when it is finished,
include around 1000 m? hybrid PV/T collectors which are expected to generate 190 MWh of electricity per year.
The thermal energy will be pumped into boreholes to thermally regenerate the ground, from which energy is
extracted by a heat pump system. The project is designed according to the requirements of the Swiss MINERGIE-P-
ECO code for energy efficient buildings .

3.2.4. Concentrating PV/T

Concentrating PV/T collectors of parabolic trough type provide water of a higher temperature than most flat plate
collectors, making them interesting for industrial and other non-residential projects. While these types of collectors
are not suitable for building integration, they have been used in building added rooftop installations in several larger
projects, such as hospitals and schools. The technology is proven to work in both hot and cold climates. An
example from Sweden is shown in Fig. 2 (right), where Swedish manufacturer Absolicon’s concentrating PV/T
collectors are installed on a local hospital in Hérndsand. The installation provides electricity, heating and solar
cooling to the operation theatre and the dental clinic [14].

An example from a hotter climate is the Cogenra installation on a building at the University of Arizona Tech
Park, which delivers 191 kW thermal and 36 kW electric power to the building [15].The project was funded partly
through a local incentive program.
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3.2.5. PV/T in buildings

The assessment of the suitability of the different technologies for use in buildings was performed using the
indicators presented in Section 2. The assessment was based findings from the literature review, and information
from producers and installers. The results are presented in Table 1.

It should be noted that while the number of ventilated PV is low, this type of systems can also be achieved with
regular PV products. Judging from previous projects, these systems do also tend to be custom made to a larger
extent. This flexibility is also the reason that this category is given a high value for the building integration potential.

Table 1. Result of the evaluation of the suitability for use in buildings of different PV/T technologies based on four indicators.

Indicator/Technology Ventilated PV Air-based PV/T PV/T liquid PV/T liquid Concentrating
(covered) (uncovered) PV/T

Building integration potential High Medium Medium Medium Low

Electricity output Increased Increased Decreased Increased N/A

Thermal output Indirect Direct/indirect Direct/indirect Indirect Direct

Available products Low Low Low Medium Low

Covered PV/T-liquid collectors may be used directly in in DHW systems, in a similar way to solar thermal
systems, but can also be used in combination with heat pumps or other heat sources. Several authors conclude that
uncovered flat plate PV/T collectors are a promising technology when used in combination with heat pumps (i.e.
indirect use) [3, 5], also in combination with bore holes [13, 16]. The choice of technology is of course also
dependent on the location and climate of the project. As for example Ille et al. [S] point out, the electricity output is
directly dependent on the solar radiation, while the thermal output is to a larger degree influenced on the systems
design.

Architectural integration potential of solar technologies has been extensively studied in for instance IEA SHC
Task 41, which defines it as the combination of functional and formal (aesthetic) integration potential [17]. The
aesthetic integration of the PV/T technologies has not explicitly been investigated in the study presented here.
Farkas [18] describes the architectural potential of photovoltaics as depending on the possibility of structural
integration, the formal flexibility (the availability of different shapes, colors etc.), the product system (availability of
components available for mounting etc.) and the availability of dummies (fake modules used for creating a uniform
appearance). The PV/T market is still relatively small, but if it continues to increase more products dedicated for
building integration might enter the market, including modules of different colors and shapes as well as dummies.

3.3. The PV/T market

The market for PV/T systems is still very small compared to the markets for pure photovoltaic or solar thermal
systems, but an increase in the number of commercially available products can be identified in the last decade. The
increased interest in PV/T is probably, at least to a certain extent, driven by the increasing interest in energy efficient
buildings worldwide. Stricter energy requirements for buildings, such as the European Commission’s goal that all
new buildings shall be ‘nearly zero energy buildings’ by 2020 [19], puts pressure on building industry to find
solutions for on-site renewable energy generation.

A market survey published in Task 35 in 2007 found ten producers of commercial PV/T products, and six that
had gone out of the market [4]. In addition, the study found 25 concepts that were under development. A recent
study in the project PVT-Norm in Germany found 41 producers of PV/T collectors, showing a significant increase in
commercially available products [5]. The large majority of these, around 80%, were uncovered PV/T collectors.
Even though the PV and solar thermal markets are both dominated by Chinese companies, most of the PV/T
producers found in the study were European.
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Task 35 also published a study in which architects, engineers, building owners and solar dealers in Canada,
Germany, Denmark, Sweden, Italy and Spain were interviewed [11]. One conclusion from the survey was that the
markets were very country-specific, and depended to a large degree on the composition of the existing PV and solar
thermal markets. The PV/T market maturity was found to depend mainly on to what degree PV was a part of the
previous market.

The type of PV/T systems that was dominating the market was also found to be country-specific. In Canada, the
aforementioned Conserval Engineering who produces transpired solar collectors and PV/T-air systems was found to
be dominating the market with their SolarWall. Sweden has traditionally had a stable market for liquid-based solar
thermal collectors, and air-based PV/T systems were regarded with skepticism by the Swedish interviewees, even
though the climate in Sweden and Canada is relatively similar. (However, the number of PV/T systems installed in
Sweden to this date is very small.)

China is by far the largest solar thermal market in the world with 86% of the market and 64% of the total
installed capacity [12]. Most of the solar thermal systems in China are evacuated tube collectors for water heating,
while glazed flat plate collectors dominate in the rest of the world. PV/T-air systems is not at the focus of research
and development in China, but more interest is put in PV/T systems for water heating and with direct connection to
heat pumps. According to Fang et al [11], it is expected that PV/T hot water systems will become one of the main
solar systems in buildings in China.

3.4. Market drivers and barriers

Favorable government policies and economic incentives are probably the largest drivers for all types of solar
installations. However, since a PV/T system delivers both electricity and heat, there may be confusion related to
how it should be classified. Different approaches are seen in different countries. In the U.K., PV/T systems owners
are eligible to receive feed-in tariffs from the export of electricity, but they are not eligible for economic support
through the Renewable Heat Incentive (RHI) [20]. In Norway as another example, PV/T systems can receive
funding as solar collectors, but no incentives are available for PV modules.

As mentioned above, there is also a lack in adequate terminology to describe PV/T systems, which can also
influence the incentives. Ille et. al [5] mentions that the word ‘uncovered’ previously made this type PV/T collectors
not eligible for funding within the German market incentive program for solar collectors, which excludes uncovered
swimming pool collectors. However, the description in the program was then updated to ‘panels without transparent
cover on the front panel’, which means that uncovered PV/T collectors should now be eligible.

The relation between standards and innovation, and the effect on market development, has been analyzed by
Kramer and Helmers [21]. They find that the lack of standards and certifications is a strong barrier to market
development. It leads to a lack of technical information on the products, restrictions in government incentives and an
uncertainty among consumers. The recent developments in certifications specifically for PV/T products, such as the
Solar Keymark [22], can therefore be expected to have a positive influence on the market.

4. Discussion

The PV/T market is still very small and it shows in different countries a strong dependence on individual
companies. The respondents in the Task 35 market survey pointed to economic benefits and the possibility of
building integration as the two most important factors. In the PV/T installations found in this review, however, PV/T
systems are rarely or never reported to be cheaper than alternative installations. The choice of PV/T seems to be
driven by other factors. The economic benefit of PV/T systems today depends to a large degree on the availability of
subsidies, or funding of pilot projects.

5. Conclusion
In the past decade, PV/T installations have gone from largely project-specific developments to relatively

standardized systems. The market is still very small compared to the PV and solar thermal markets, but a number of
commercial products are now available. Different types of systems have gained ground in different countries based
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on the composition of the earlier markets for PV and solar thermal, but also depending on the success of individual
companies. The available economic subsidy schemes may also have contributed to shape the markets in the different
countries.

There seems to have been a shift from PV/T-air systems to a larger share of PV/T-liquid systems, including
PV/T systems with heat pumps. A few large scale projects with seasonal storage in bore holes were also found. The
thermal energy output of PV/T collectors are generally of low temperature, and several authors emphasize the
importance of the complete system design, e.g. the connection to heat pumps, thermal storage solutions and other
HVAC equipment, in order to make good use of this energy.

Recent developments in certification and testing has also led to more standardization, which may encourage more
installers to choose PV/T systems in favor of pure PV or solar thermal systems.
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Abstract

In a net zero energy building (nZEB), the energy demand from the operation of the building is met by renewable energy generated on
site. Buildings require energy both in the form of heat and electricity, and solar energy utilization is important in order to reach a net zero
energy balance. In projects with ambitious energy targets or limited available areas for local energy generation, solar thermal and
photovoltaic (PV) installations will eventually compete for space on roofs and facades. Hybrid photovoltaic-thermal (PV/T) modules,
in which heat and electricity is generated simultaneously, are therefore an interesting technology for building applications, which can
potentially lead to a higher total efficiency and lower use of space. This paper describes a comparative simulation study of different solar
energy solutions for a Norwegian residential building concept aiming for a net zero energy balance. Separate PV and solar thermal
systems are compared to PV/T systems, and the resulting energy balances analyzed. The results show that the building with only
high-efficiency PV modules comes closest to reaching a zero energy balance, but that the results depend greatly on the nZEB definition,
the boundary conditions and the design of the building’s energy system.
© 2015 Elsevier Ltd. All rights reserved.

Keywords: Net zero energy building; PV/T; PV; Solar thermal

1. Introduction buildings more energy efficient and sustainable is therefore

important in order to reduce global energy demand as well

Buildings account for around a third of the global
energy use and a similar share of the greenhouse gas
emissions (International Energy Agency, 2013). Making

Abbreviations: nZEB, net zero energy building; EPBD, Energy Perfor-
mance of Buildings Directive; ZEB Centre, The Research Centre for Zero
Emission Buildings (www.zeb.no); DHW, domestic hot water; HVAC,
heating, ventilation and air conditioning; STC, standard test conditions;
kW, kilowatt peak; SPF, seasonal performance factor.

* Corresponding author.
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0038-092X/© 2015 Elsevier Ltd. All rights reserved.

as emissions. In a net zero energy building (nZEB), the
amount of energy required to operate the building is
generated by renewable energy sources on or near the
building (Marszal et al., 2011). During a specified period
of time, typically a year, the building reaches a net zero
energy balance. In its recast of the Energy Performance
of Buildings Directive (EPBD), the European Union has
directed its member states to ensure that by 2020, all new
buildings shall be nearly zero energy buildings (European
Parliament, 2010).
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Nomenclature

Osor thermal energy from solar energy system (kW h)

Quix  thermal energy from auxiliary heat source
(kW h)

Ey, electricity from solar energy system (kW h)

SF,;,  thermal solar fraction (-)

SF,,  electricity-specific solar fraction (—)

Egeliverea delivered (imported) energy to the building
(kW h)

Eevporreaexported energy from the building (kW h)

E,. the difference between energy imported to and
exported from the building (kW h)

p tilt angle of modules (°)

y sun height above horizon (°)

T, mean collector temperature (K)

T, ambient temperature (K)

AT difference between mean collector temperature,
T,,, and ambient temperature, 7, (K)

n thermal efficiency (-)

o thermal zero-loss efficiency (-)

Active solar energy utilization is one of the main strate-
gies used to provide on-site renewable energy to buildings,
which is necessary to reach a zero energy balance. Buildings
require energy both in the form of heat and electricity dur-
ing operation, which can be provided by solar thermal col-
lectors and photovoltaic (PV) modules. In projects with
ambitious energy targets or limited available area for instal-
lations, solar thermal collectors and PV modules may be
competing for the available space on the buildings’ roofs
and facades. In a hybrid photovoltaic-thermal (PV/T) mod-
ule, electricity and heat is generated simultaneously. This
can lead to a high total efficiency per module and possibly
to a reduced use of space compared to separate systems.
PV/T is therefore an interesting technology for buildings.

This paper describes a comparative simulation study of
solar thermal, PV and PV/T systems, applied to the case of
a Norwegian low energy residential building. The goal is to
achieve a zero energy balance over a year. The energy yield
of the different systems are analyzed and compared, and
the building energy balance is calculated.

1.1. Hybrid photovoltaic—thermal (PVIT) modules

PV/T technology has so far not had a commercial
breakthrough comparable to that of PV or solar thermal,
but interest in the technology is increasing, especially in
connection to low or zero energy buildings (Chow et al.,
2012). The market for PV/T has increased in the past dec-
ade, and a number of solar energy manufacturers now also
produce PV/T modules. Some manufacturers even special-
ize in PV/T technology. A number of different PV/T tech-
nologies are available. They can be classified for example
based on the type of heat transfer medium (air or liquid),
the configuration of the glazing, and the PV technology
used (see for example Chow et al., 2012; Tyagi et al., 2012).

PV modules convert only around 10-20% of the radiation
to electricity, while the rest is reflected or dissipated as heat
in the module. The basic idea behind the PV/T technology is
to utilize more of the incoming solar radiation by also har-
vesting the waste heat from PV modules. Since PV cell effi-
ciency typically decreases with increased cell temperature,

removing the waste heat can also lead to an increased
electricity output. An additional benefit of PV/T modules
for building use is that architectural uniformity can be
achieved between the thermal and electric installations.

A number of PV/T technologies are available, but this
study focuses only on flat plate PV/T modules with liquid
heat transfer medium. For this type, a basic distinction
can be made between covered and uncovered modules
(sometimes called glazed and unglazed) (Aste et al.,
2014). The difference is illustrated in Fig. 1. Simply put,
an uncovered PV/T module is a PV module with cooling.
It produces an equal or larger amount of electricity than
a regular PV module, and in addition some low-
temperature heat. Both types of modules generally include
some type of cover for structural stability, but covered PV/
T modules have an additional, suspended glazing to pre-
vent heat loss through convection. A covered PV/T module
is similar to a solar thermal collector with added PV cells,
and has a higher thermal output than an uncovered PV/T
module. Adam et al. (2014) performed a market survey of
PV/T products available in Germany. This has been used
to find products for this study. A large majority of the
available products were found to be uncovered collectors
(30 out of 41 producers).

1.2. Zero energy buildings

There are several different definitions of a net zero
energy building (nZEB). In general, an nZEB can be
defined as a building that reaches a net zero energy balance
over a specified time period, typically a year. The EU tar-
gets set out in the EPBD describes a nearly zero energy
building as a building with a very high energy performance
where ‘“‘the nearly zero or very low amount of energy
required should be covered to a very significant extent by
energy from renewable sources, including energy from
renewable sources produced on-site or nearby”
(European Parliament, 2010).

In addition, the zero energy balance can be calculated in
different ways, depending among other things on the sys-
tem boundary and weighting factors for the different
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Glass cover

Covered PV/T

Uncovered PV/T

PV laminate

NaRRLRRRY Absorber/heat exchanger

Insulation

Heat transfer pipes

Fig. 1. A schematic drawing of a covered (left) and uncovered (right) flat plat PV/T module. Note that the PV laminate also usually includes a cover for

structural stability.

energy sources that are used (Marszal et al., 2011). The bal-
ance may include the energy used for heating ventilation
and air conditioning (HVAC), lighting, and use of electri-
cal equipment. In more ambitious definitions, the balance
may also include the energy used in the production of
materials, as well as the construction and subsequent dis-
mantling of the building itself. The amount of energy that
should be generated on site to reach the zero energy bal-
ance therefore depends on the nZEB definition. A proposal
for a consistent nZEB definition was presented by Sartori
et al. (2012). The system boundary used in the case pre-
sented here is the building itself, and the annual energy
import/export balance is used. That is, the balance is calcu-
lated between energy delivered, or imported, to the build-
ing (Egeliverea) and the energy exported from the building
(Eexporrea)- The solar energy installations on the roof are
considered to be inside the system boundary. Based on
Sartori et al. (2012), the energy balance is then calculated
according to Eq. (1). The balance in this case is calculated
with total annual values. A net zero energy balance is
reached if E,., (kW h) is zero.

Enet = |Eexported‘ - ‘Edelivered| (1)

To reach a net zero energy balance, the first priority
should be to decrease the need for delivered energy, and
then to meet the remaining demand with on-site renewable
energy sources (Sartori et al., 2010). The delivered energy
could include electricity, biomass, district heating, or other
energy carriers. The exported energy is in general only elec-
tricity, but it could in some cases also include heat, for
example to a district heating network. Weighting factors
are used to compare energy from different sources in the
same equation. According to EN 15503 (EN 15603,
2008), the weighing factors can be primary energy, carbon
dioxide emissions, or factors determined at national level.
A policy rating, imposed to penalise or favor some energy
carriers, is also mentioned as a possibility. The factors for
delivered and exported energy of the same energy carrier
can be different or equal (symmetric weighting).

The Research Centre on Zero Emission Buildings (the
ZEB Centre, www.zeb.no) in Trondheim, Norway, has

defined four different ambition levels for net zero emission
buildings. This can be transferred also to net zero energy
buildings. The ambition levels, as well as a complete defini-
tion framework, is further described in Dokka et al. (2013).
In the case presented here, the ambition is to reach nZEB-
O, which means that the energy need for operation of the
building is considered in the energy balance calculation.
The energy demand of equipment, such as computers and
lighting, is included, but standardized values are used.
Energy demand for materials, construction and demolition
is excluded.

1.3. Solar fraction

In addition to E,,, it is interesting to know the solar
fraction, i.e. how much of the heat and electricity that is
met by solar energy. The thermal solar fraction (SF,,) is
calculated according Eq. (2), where Q,,; (kW h) is the ther-
mal energy from the solar energy system, and Q. (kW h)
is the thermal energy from the auxiliary energy source. The
solar fraction can be calculated in slightly different ways,
depending on how the system losses are allocated. The cal-
culation used here divides the losses between the solar and
auxiliary systems.

O
Oso1 T Que

The thermal solar fraction is commonly used in solar
thermal calculations, but here we have also chosen to
define a corresponding electricity-specific solar fraction
(SF,;), calculated according to equation (3), where E,,
(kW h) is the electricity from the solar energy system, E,..q
(kW h) is the electricity-specific energy demand of the
building.

E sol
E need

SF,h = (2)

SF el — (3)

Since the building model used in this study has a heat
pump as auxiliary energy source, the total electricity
demand also includes electricity for heating. This has not
been included in E,., Wwhich encompasses only
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electricity-specific energy use, i.e. energy need that cannot
be covered by another energy source than electricity, such
as use of electric equipment or lighting. The total electric
solar fraction, including electricity for heating, is the ratio
E.\poried Edeliverea Shown in Table 4.

2. Background
2.1. ZEB residential concept model

The building model (Fig. 2) used in the simulations is
based on a concept building model developed at the ZEB
Centre. It was created in order to have a simple and realis-
tic building as the basis for various building performance
studies. The concept model is designed based on current
state-of-the-art in building technology, and is designed to
fulfil the requirements of the Norwegian passive house
standard (NS 3700, 2010). The material use, embodied
energy and emissions, design of a HVAC system, technical
details and energy performance is well documented and is
presented in Houlihan Wiberg et al. (2014). The model is
therefore well suited to be used as a basis for the solar
energy system analysis.

The building model is a two-storey residential building
with 160 m* heated floor area. It is located in Oslo in
Southern Norway (59.9 °N, 10.6°), which has an annual
average temperature of 6.3 °C. The annual energy demand
of the building is shown in Table 1, as determined by
Houlihan Wiberg et al. (2014). The energy demand for
domestic hot water (DHW) and electricity is specified in
accordance with standard values from the Norwegian stan-
dard NS 3031 (NS 3031, 2011), as are the internal heat
gains from people and equipment.

The monthly space heating need (kW h/m?) is shown in
Fig. 3, together with the solar irradiation for Oslo on a sur-
face oriented for maximum annual solar irradiation (45°
tilt and south-facing) and a vertical surface, such as a

\3|||||

|

Fig. 2. The ZEB concept model of a single family residential building,
from Houlihan Wiberg et al. (2014). The three rectangles on the roof
indicate the location of the PV system (note that only two rows are used in
this analysis).

Table 1

The energy demand of the ZEB concept building.

Energy demand kW h/year kW h/m? year
Space heating 3349 20.9
Domestic hot water 3811 23.8
Electricity 4074 255

Total 11234 70.2
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Fig. 3. Monthly irradiation on an optimally inclined surface (45° tilt) and
a vertical surface is shown on the left axis, together with the specific
heating need of the building (kW h/m? heated floor area) on the right axis,
as determined by Houlihan Wiberg et al. (2014). Irradiation data from
PVGIS (Institute for Energy — Renewable Energy Unit).

facade. The largest fraction of the solar radiation is avail-
able in the summer when there is no space heating need.
However, there is still a heating demand during spring
and autumn, which coincides with a significant part of
the irradiation.

2.2. Building energy system

The building has an HVAC system with mechanical ven-
tilation and heat recovery, which is thoroughly described in
Houlihan Wiberg et al. (2014). A schematic drawing of the
thermal part of the building energy system is shown in
Fig. 4. The heating is distributed by a low-temperature
hydronic system with floor heating (inlet/return tempera-
ture 30/25°C) and radiators (inlet/return temperature
40/30 °C). The central part of the heating system is a
well-insulated water storage tank, which stores energy
and buffers between heat sources and loads at different tem-
peratures. A tank-in-tank system is used for the tap water.
With a store temperature of 55 °C and a temperature at the
tap of 45 °C, the stand-by volume that needs to be avail-
able at all times is estimated to around 100 1. This volume
is kept the same in all the simulated systems.

The solar thermal system with glycol/water mix as heat
transfer medium is connected to the tank by an internal
heat exchanger. The space heating loops are directly con-
nected to the tank. The control strategy prioritizes the heat-
ing from the solar energy systems. When necessary,
auxiliary thermal energy is provided by an air to water heat
pump (7 kW). The heat pump delivers a temperature of up
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Fig. 4. A schematic drawing of the thermal part of the building energy system (not including PV system).

to 55 °C, depending on the outdoor temperature, which is
sufficient for the hot tap water preparation. An electric hea-
ter in the upper part of the tank is used to prevent legio-
nella growth. The system is described in detail in Dokka
et al. (2013). The PV systems (not shown in the figure)
and the electric part of the PV/T systems are grid-
connected, using standard DC/AC inverters. No module
level power optimizers or batteries are used in the system.

3. Method
3.1. Comparative study

Three versions of the building model (A, B and C) are
simulated to study the performance of different solar
energy systems for zero energy buildings. Building A has
a system with a combination of solar thermal collectors
and PV modules and represents the original design of the
building model. Building B has a system of PV/T and PV
modules, and building C has only PV modules installed.
The hydronic heating system is the same in all versions of
the building, except for the dimensions of the tank and
piping.

The simulations are performed in the program Polysun,
which is a dynamic simulation tool for solar energy solu-
tions including solar thermal, PV and PV/T, as well as
for various hydronic systems, such as heat pumps and dis-
trict heating system (Vela Solaris, 2012). Meteonorm
weather data is used in the simulation (Meteotest, 2009).
The modelling of the systems for this study was based on
a combination of in-program models and data from man-
ufacturers. The energy output, thermal and electric solar

fraction, and energy balance are calculated for each of
the systems.

3.2. Objective and boundary conditions

Thermal energy and electricity have different uses in
buildings and thereby different value. The objective and
boundary conditions will therefore have a significant impact
on the results and the conclusions that can be drawn.
A review of methodologies to evaluate PV/T systems in
comparison with PV and solar thermal collectors were out-
lined by Delisle and Kummert (2014). They found that a
number of methodologies were used by different authors,
such as combined energy or exergy efficiency, combined pri-
mary energy saving efficiency, equivalent area or economic
factors. In this study we have chosen to use the available
area as the boundary condition, but the comparison is
based on the calculated import/export energy balance.

The objective is to investigate which of the three build-
ing alternatives comes closest to achieving a net zero energy
balance. The ambition level is ZEB-O according to the
guidelines developed by the ZEB Centre, which were out-
lined in the Section 1.2 and are further described in
Dokka et al. (2013). Since the auxiliary heating in this case
is provided by a heat pump, electricity is the only form of
delivered energy to the building. The exported energy is
likewise only electricity from the PV or PV/T systems. As
there is only one energy carrier being imported and
exported, and the purpose is to compare the buildings
against each other, no weighting factors are used.

It is assumed that there are no restrictions on the elec-
tricity exchange with the grid, and electricity generated
by the solar energy systems is therefore in this analysis
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considered useful at all times. In reality, electricity will be
valued differently at different times. Using as much as pos-
sible of the self-generated electricity directly in the building
can therefore be desirable, but this will not be further con-
sidered here. The thermal energy from the solar collectors
is only useful if it can be used or stored. Once the storage
tank has reached its upper temperature limit, additional
thermal output cannot be used.

Only the roof area (8§ m x 10 m) is considered to be
available for the solar installations. Installing solar energy
systems on flat roofs, especially in northern regions,
requires that row-to-row shading is considered, but it is
assumed here that there are no surrounding buildings or
structures shading the installations. The required distance
d (m) between rows can be calculated according to Eq.
(4), where b (m) is the module height, f (°) is the tilt angle
of the modules, and vy (°) the sun angle, which is the angle
between the sun and the horizon. (The German Solar
Energy Society, 2013).
d:b.sm(ISQ o ) @)

sin(y)

The optimal orientation in Oslo is around 45° tilt and
south-facing. The lowest sun angle in Oslo is around 7°
(beginning of January, note that the sun angle refers to
the sun height at noon), meaning that the modules would
have to be spaced around 10 m to avoid shading com-
pletely. Since the roof is only 8 m wide, this means that
only one row would fit on the roof. As 2-8% of the solar
radiation is received during the winter months, it was
assumed that some shading could be tolerated in order to
fit two rows on the roof. Accounting for the length of the
modules themselves, the longest spacing possible is 7 m,
which means that the modules are unshaded from the
beginning of February. A schematic drawing of the instal-
lations is shown in Fig. 5. The shading analysis is

45°

PV

V.

Fig. 5. A schematic drawing (not to scale) of the solar installations on the
roof. The back row includes solar thermal in building A, PV/T in building
B, and only PV in building C.

10m

performed internally in the simulation program. The row-
to-row shading is accounted for in a somewhat simplified
manner using a composite horizon line.

Since geometric dimensions from market-available mod-
ules are used in this study, the active area in each of the dif-
ferent systems is not exactly the same. A generic spacing of
5 cm between modules is used. As the output of PV mod-
ules is more dramatically influenced by shading than that
of solar thermal collectors, the latter are placed in the back
row. Note that the back row in building C and C” includes
only PV modules.

The tilt angle of 45° is close to optimal for PV modules,
but solar thermal collectors are typically installed at a
somewhat steeper angle or even vertically on the facade.
This slightly increases the yield at times when heating is
needed, i.e. spring and autumn when the sun is low. Since
the modules analyzed here include PV, solar thermal and
combinations of the two, all modules are installed at the
same tilt angle to simplify the comparison.

The modules could also have been mounted at a lower
tilt angle and with less spacing, which would increase the
installed power on the roof but reduce the specific
yield (kW h/kW,,). If the tilt angle was reduced to around
10°, another row of modules could have been installed
with the same level of shading. The consequences of
different installation designs are studied in more detail in
Good et al. (2014). Other installations options, such as
facades and different tilt angles, will be included in further
studies.

3.3. Selection of solar modules

An overview of characteristics of the selected modules is
given in Table 2. The solar thermal collectors and PV
modules used in the simulation are selected to represent
average (STavg and PVavg) to high-end (SThigh and
PVhigh) products available on the market, in terms of
performance.

The market for PV/T modules is still relatively small
compared to that of solar thermal and PV. There is also
still a lack of regulations regarding testing and certifica-
tion of PV/T modules, but since 2013 it is possible to
certify modules according to Solar Keymark (2013).
According to the certification guidelines, the thermal
zero-loss efficiency (179) should be measured with the PV
cells working at their maximum power point. In addition,
since the performance of a PV/T module depends both on
the thermal and electric characteristics, it is difficult to
find a module that represents a market average. In an
attempt to account for these differences, two different
PV/T modules were used in the simulations: an uncovered
PV/T module with good electric performance (PV/Ta),
and a covered PV/T module with good thermal perfor-
mance (PV/Tb). Both of these modules are selected from
the upper market range.
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Characteristics of the solar thermal (ST), PV and PV/T modules used in the simulations.

Module Technology Gross area (m?) Electric efficiency Rated electric Thermal zero-loss
at STC (%) power (kW) efficiency 7o (%)

STavg Flat plate 2.00 - - 80

SThigh Flat plate 2.00 - - 85

PVavg Poly-Si 1.65 15.8 260 -

PVhigh Mono-Si 1.64 20.3 333 -

PV/Ta Mono-Si, uncovered, uninsulated 1.64 17.4 285 61.4

PV/Tb Poly-Si, covered, insulated 2.26 12.0 240 71.5

3.4. Solar energy system design

The main parameters and system dimensions used in the
simulations of buildings A, B and C are shown in Table 3.
The building versions with high efficiency solar thermal col-
lectors and PV modules are denoted A* and C".

The dimensioning of the system for building A is based
on the solar thermal system. In accordance with common
design guidelines for Northern European regions, the solar
thermal system is designed to most of the thermal energy
demand during the summer months (here defined as May
to August), when the heat demand is only that for DHW
preparation. The area of solar collectors required to do this
is slightly smaller with the high efficiency modules, which is
why the collector area for building C" is smaller than for
building C.

Since covered and uncovered PV/T modules have differ-
ent output profiles, two versions of building B are evalu-
ated: Bl with uncovered PV/T modules and B2 with
covered PV/T modules.

Simulations of Bl with different ratio between the PV/
Ta and PVavg module areas showed that E,., increased
with increasing PV/T area. For building Bl, uncovered
PV/T modules were therefore used on the whole roof area,
minimizing E,,,. Since the thermal output of the uncovered
modules is relatively low, it was not possible to reach high
thermal solar fractions with this technology. It was also
found that a tank size of around 60 1/m?> collector was suit-
able for a larger PV/Ta system and a slightly higher tank
volume to area ratio for smaller systems.

For building B2, the same design strategy as for solar
thermal (building A) was used, i.e. that the PV/T system
was sized to meet most of the energy demand during sum-
mer, and the rest of the roof area was covered with PV
modules. Simulations showed that it requires a PV/T area

Table 3
The main parameters of the simulated system variants.

of around 16 m? (7 modules) in order to reach the same
thermal coverage as for building A. The rest of the avail-
able area was used for PV modules.

In building C, all available roof space has been used for
a PV installation. This building includes the same hydronic
heating system as buildings A and B, but without the solar
thermal contribution. The tank size was decreased to only
work as a buffer for the heat pump. The stand-by volume
for the DHW was kept the same as in the other systems.

4. Results

The buildings A, B and C were simulated according to
the conditions described in the previous sections. The
annual thermal and electricity output of the systems are
shown in Fig. 6, measured in kilowatt-hours. No weighing
factors between thermal energy and electricity are taken
into account in this figure. The systems with the highest
thermal energy output (A, B2 and A™) are also the systems
with the highest total output with this way of evaluation.

The thermal and electric solar fractions are shown in
Table 4, together with the import/export energy balance
calculations. None of the systems reach a net zero energy
balance (E,., > 0). A higher number means a higher cover-
age by on-site energy (a building with E,,, = 0 would have
100% coverage). The ratio E,yporreal Edeiiverea in the third
column in Table 4 shows the percentage of the delivered
energy that can be covered by exported energy, i.e. how
close the building is to reaching a zero energy balance.
As mentioned in Section 1.3, this can in this case also be
interpreted as the total electric solar fraction.

The system that is closest to reaching a balance is system
C”, with only state-of-the-art PV modules and no thermal
collectors. This system meets 73% of the delivered electric-
ity with exported solar electricity. The state-of-the-art

System Description Installed area ST/PVT/PV (m?) Rated electric power (kW) Tank volume (1)
A STavg and PVavg 10/0/21 34 1300
A" SThigh and PVhigh 8/0/23 4.7 1300
Bl Only PV/Ta 0/30/0 5.1 1800
B2 PV/Tb and PVavg 0/16/17 4.3 1000
C Only PVavg 0/0/30 4.7 300
c* Only PVhigh 0/0/30 6.0 300
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Fig. 6. The annual thermal and electric output of the different systems. The rightmost column shows the simulated net thermal and electric energy need of
the building. No weighting between thermal energy and electricity is taken into account in this figure.

Table 4

The thermal and electric solar fractions, the ratio between exported and
delivered energy, the ratio E,yposeal Edeliverea» and the net delivered energy
E,.; is shown.

System  SFy, (%) SFu (%) Eexported Edetivered (%) Eyer (kW )
A 33 73 44 —3796
A" 33 105 64 —2446
Bl 9 113 62 —2822
B2 34 84 51 —3300
C 0 103 56 —3353
c 0 134 73 —2086

system with solar thermal and PV (A™) has the highest solar
fraction, and is the second closest to reach a balance, with
64% of the delivered energy met by on-site electricity. Of
the systems with PV/T studied, the uncovered PV/T system
in Bl is the closest to a balance, with 62% of the delivered
electricity met by solar generated electricity. Due to the use
of a heat pump for auxiliary energy, the systems with high
electricity output are favored in this calculation.

System C* has the highest coverage of on-site energy
generation, even though it has the highest value of £ j;ereqs
while building A* has the lowest value. The difference
between these two buildings is shown in Fig. 7. According
to the nZEB definition is used here, building C” is closer to

Building A*

reaching a zero energy balance since the value of E,,, for
this building is smaller.

The values for E,,, for the two building versions with
PV/T modules, Bl and B2, are relatively similar, but the
output profiles are different. The monthly average collector
temperatures during operation of the solar thermal collec-
tors and PV/T modules are presented in Fig. 8. As
expected, the state-of-the-art solar thermal collectors
(SThigh) generally have the highest temperature. The
uncovered PV/Ta modules have the lowest temperature,
and reach only an average operational temperature of
40 °C during the summer months. During November to
February, the temperature reached by the PV/Ta modules
cannot be used by the system, compared to November—
January for the three other module types.

5. Discussion
5.1. Solar energy and the nZEB definition

The results presented here do not give an unambiguous
answer to the question of which solar energy system is the
best choice for this type of building. Many factors influence
the answer, for example how the energy balance is calcu-
lated, what the boundary conditions are, and if the goal

Building C*
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Fig. 7. The energy balance of building A" and building C*. Even though the amount of energy delivered to building A" is lower than that to building C",

the latter is closer to reaching a zero energy balance.
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Fig. 8. The monthly average collector temperature during operation in the solar thermal collectors (A and A*) and PV/T modules (B1 and B2) during the

year, given as monthly averages.

is to reach the lowest possible energy use or a lowest value
of delivered energy, primary energy, greenhouse gas emis-
sions, or other metric.

To reach a zero energy balance, the imported energy
should be balanced by the export of locally generated
renewable energy. Normally, the only form of energy
export that takes place in an nZEB building is that of elec-
tricity to the grid (although e.g. thermal export to a district
heating network could be possible as well). This means that
an electricity source needs to be included in any building
where the aim is a net zero energy balance. In this case,
the choice of auxiliary heat source is also an important
factor, since e.g. the use of a heat pump means that only
electricity is imported and exported. This favors systems
with a high electricity output in the net energy balance
calculations.

It is not uncomplicated to design systems with different
technologies in a way that makes a reasonable comparison
possible. The systems for building A, A* and B2 were
dimensioned to get full solar thermal coverage during the
summer. All systems could instead have been dimensioned
to maximize E,.,. However, the result of such an optimiza-
tion is that the thermal part of the system (solar collectors
or covered PV/T) should be as small as possible, that is, a
system of only PV modules. The exception is the system
with uncovered PV/T modules, where the thermal output
is an addition that is not at the sacrifice of the electric out-
put. The results from this study appear to support the idea
that it is more efficient to use PV in combination with heat
pumps for residential buildings, than it is to use solar ther-
mal collectors. If the ambition is only to reach a net zero
energy balance, the best choice would according to the
results presented here be a high efficiency PV system (build-
ing C"), even though the thermal solar fraction is zero.
However, the building that is second closest to reaching
the nZEB criterion is the one with a combination of a

state-of-the-art PV system and solar thermal collectors
(building A*), which has the highest solar thermal fraction.

5.2. Energy performance of PVIT systems

The building with only uncovered PV/T modules (build-
ing B1) is the third closest to reaching a net zero energy bal-
ance. The thermal solar fraction for this building is only
9%, and the output from the PV/T modules during the
summer only reaches moderate temperatures. This means
that auxiliary heating is necessary for this building also
during the summer, which is not the case for the systems
with solar thermal collectors

The two PV/T systems analyzed here were based on the
system design of building A, where the solar modules and
the heat pump are connected in parallel, and the perfor-
mance could no doubt be improved with further system
adjustments. The seasonal performance factor (SPF) of
the heat pump is a sensitivity factor in the analysis. The
SPF of the heat pump is around 2.3 for the systems with
high solar thermal fraction (A, A* and B2), and 2.5 for
the other systems. The SPF is increased since the heat
pump is also operational during the summer, when the out-
door temperatures are higher. The same heat pump was
used in all the systems and was dimensioned for the winter
load, when outdoor temperatures are colder. In particular,
the uncovered PV/T system would work better if it was
used for preheating, since the temperatures in the collectors
are not high enough, even during summer, to provide heat-
ing of domestic hot water. In addition to the parallel con-
nection used here, Ille et al. (2014) analyzed systems with
PV/T modules and heat pumps in both series and parallel
connection. Their studies also included a system with the
option of feeding a borehole heat exchanger. With these
configurations, the temperature at which the collector
loop starts could be lowered and the operation times of
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the PV/T modules extended. In such a system it may be
possible to utilize the very low temperature output during
winter to preheat the input to the heat pump. More
research is needed to analyze the usefulness of these sys-
tems for Northern European conditions.

As Fig. 8 shows, there is a large difference in the temper-
ature of the thermal output from the uncovered and the
covered PV/T modules. The thermal energy output of the
covered PV/T system, as applied in building B2, is similar
to that of the solar thermal collectors, although a larger
area of PV/T modules are required to reach this tempera-
ture. Even though the whole available area was used for
the installation of uncovered PV/T modules in building
B1, temperatures high enough for direct use for DHW
preparation were seldom reached The average operational
temperature during summer was 40 °C, compared to
around 66 °C for the other module types. Comparing the
energy yield and net energy demand of building A and
building B2 (Fig. 6 and Table 4), there seems to be a benefit
from replacing solar thermal collectors with covered PV/T
modules.

5.3. The PVIT market

This study is based on solar products that are available
on the market. The market for PV/T modules is still small,
which means that the analysis is probably in favor of the
PV and solar thermal technologies, whose markets are lar-
ger and more mature. Even though modules from the
upper end of the market in terms of efficiency were used
here, they are still far behind the efficiencies found in the
PV and solar thermal markets. For example, the state-of-
the-art PV modules had an efficiency of over 20%, while
the highest electrical conversion efficiency found in a PV/
T module was 17.4%. There is also some uncertainty with
respect to the performance data of these modules since it
is only recently that standards for testing and certification
of PV/T modules have been developed. The analysis of the
covered PV/T collector is especially uncertain, since there
are very few market-available products of this type.

The thermal efficiencies are likewise lower for PV/T
modules on the market than for solar thermal collectors,
also for the covered ones. The heat loss is also larger from
the PV/T modules compared to pure solar thermal collec-
tors. While thermal insulation gives a higher output tem-
perature and thermal output, it reduces the efficiency of
the PV cells and also introduces higher demands on the
materials used in the modules.

This study is only focused on currently available tech-
nology, for PV/T as well as PV and solar thermal. It is dif-
ficult to predict the future for PV/T technology, as it
depends on both technological and market developments.
Some future research areas have been discussed by
Michael et al. (2015), including development of better
adhesives, improved lamination methods and the use of
nanotechnology. Better certification and testing standards

are also important for the PV/T market development
(Kramer and Helmers, 2013).

5.4. Limitations and further work

The work presented here is based on simulations of one
residential passive house with hydronic heating and heat
pump, located in a Northern European climate. The results
are therefore limited in their validity, and cannot be
directly translated to other cases. They can, however, be
used to show some general differences between the tech-
nologies and to highlight questions for further analysis.

The zero energy balance calculation used here does not
include the full life cycle of the building, but is only focuses
on energy use during operation. Furthermore, we have
used the term ‘nZEB’ here to mean a zero energy building.
Future work will also focus on zero emission buildings, and
will include analyses of the energy and emissions embodied
in the building during the construction phase, as well as
replacements and deconstruction

Some aspects in the comparison of the solar technolo-
gies are left out of the analysis. The zero energy balance
is here calculated on an annual basis. A more detailed anal-
ysis should take the monthly, daily or even hourly load
match into account, which may change the fractions of
delivered and exported energy. Such an analysis could also
include measures to increase self-consumption of energy.

Another important factor is of course cost, which is like-
wise not considered here. The cost of PV modules has
plummeted during the last few years and the market is
expanding, while PV/T is still an emerging technology
and the market is relatively small. Exchanging PV modules
for PV/T modules also means that a hydronic system is
necessary, which may increase the system complexity.
Architectural integration is not covered in this paper, but
there are clearly benefits of the uniform appearance that
can be achieved with PV/T compared to separate installa-
tions of PV and PV/T.

6. Conclusions

Three alternative solar energy systems for a single family
building were studied through energy performance simula-
tions. The studied systems were a combination of solar
thermal and PV (building A), uncovered PV/T or a combi-
nation of covered PV/T and PV (building B), and a system
with only PV (building C). The systems are based on com-
mercially available modules and standardized templates.

The objective of the comparative study was to evaluate
whether the building with the different installations would
reach a net zero energy balance. The goal was to balance
the energy demand for operation, according to ambition
level ZEB-O, as determined by Dokka et al. (2013). The
auxiliary energy in the system was provided by an air-to-
water heat pump, which meant that the import/export
energy balance could be calculated only in terms of
electricity.
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The results show that the system that gets closest to
reaching net zero energy balance according to this defini-
tion was the system with only high-efficiency PV modules
(building C*), even though the solar thermal fraction in this
case was zero. The second closest was the system with high-
performance solar thermal collectors and PV modules
(building A*), which had the highest solar thermal fraction.
However, the interpretation of the results depends greatly
on the criteria used in the nZEB definition, what boundary
conditions are used, and the choice of a heat pump as aux-
iliary energy source.

The results suggest that covered PV/T could give an
increased output compared to solar thermal collectors.
The number of collectors with this technology available
on the market is, however, very small, which could partly
be due to the material challenges involved in producing
these types of modules. The system with uncovered PV/T
modules holds up well in this comparison where electricity
is favored, but the thermal output is small and of low tem-
perature, which means that an auxiliary energy source is
necessary also during summer.
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Summary

Increased energy efficiency in buildings is important in order to reduce the global
greenhouse gas emissions, and a number of solutions are being developed worldwide. Zero
emission buildings (ZEB) are very energy efficient buildings that can cover their small energy
needs by local generation of renewable energy. In a full ZEB, the local production should not
only cover the emissions associated with the operational energy of the building, but also the
emissions embodied in the building during its production.

Solar energy is often the most suitable option for on-site energy generation, technically
and architecturally. However, a photovoltaic (PV) solar energy system can contribute
significantly to the embodied energy of a building, due to the energy-intensive PV
manufacturing process and the anticipated replacement of the system during the building
lifetime.

A realistic lifetime estimation for PV systems is important both in the assessment of
embodied energy and economic feasibility of PV installations. The aim of this paper is to
investigate which factors are used in lifetime assessments of PV systems and how the lifetime
influences the embodied energy of a building.

It is found that a lifetime of 30 years is recommended by international guidelines, but
that both longer and shorter lifetimes are used as estimates in calculations. Field tests of PV
modules, though uncertain, also show evidence of both longer and shorter lifetimes. In
addition, the definition of failure of PV systems is to some degree subjective.

Keywords: photovoltaic systems, lifetime, degradation, environmental impact, embodied
emissions, zero emission buildings

1 Introduction

The global community needs to drastically reduce its greenhouse gas emissions in order
avoid catastrophic climate change. Fossil fuels need to be replaced by renewable energy
sources, but a large part of the reductions will also need to be achieved through increased
energy efficiency. Buildings represent 40 % of the primary energy use in most countries and
are a significant source of greenhouse gas emissions. However, making buildings energy
efficient is also one of the most cost-effective ways of reducing the emissions.

Zero emission buildings (ZEB) are very energy-efficient buildings that offset the
emissions associated with their small energy needs by renewable energy generation on-site or
nearby, thereby reaching a zero emission balance. A full ZEB should not only account for the
emissions associated with building operation, but also the emissions related to the
construction of the building — the embodied emissions. This also includes the emissions
embodied in the energy producing system.



Solar energy is often the most suitable option for on-site generation, technically and
architecturally. The increased interest in solar energy, both building integrated installations
and power plants, have rightly prompted questions of their environmental impact.

This paper is focused on the environmental impact of photovoltaic (PV) cells for
electricity generation. The production of PV cells is energy intensive, and high-energy
materials like steel and aluminum are often used in the installations. Recent publications on
ZEBs have reported high embodied emissions of PV systems, some as much as half of the
embodied emission of the building [1]. Since photovoltaics provides less than 1 % of the
global energy today, the total environmental impact is small, but if solar energy is going to be
a major energy source in the future, the environmental impact needs to be studied.

Life cycle assessments (LCA) and other estimations of environmental impact are
important tools, but the results must not be used without knowledge of the underlying
assumptions. The lifetime of a PV system is one factor that has a large impact on the final
result. The building lifetime is commonly assumed to be 50-100 years, and materials and
components that have a shorter lifetime, such as PV installations, need to be accounted for
accordingly.

2 Background

2.1 Photovoltaics systems

Solar energy systems can be used to provide energy, using solar thermal collectors, and
electricity, using photovoltaic cells (also called PV cells or simply solar cells). PV cells are
the focus of this paper.

There are a number of PV technologies, but crystalline silicon solar cells currently
account for about 80 % of the market [2]. The cells are either made from monocrystalline
silicon (m-Si cells) or polycrystalline silicon (p-Si cells). The efficiencies have increased
continuously, and commercial cells today typically have efficiencies around 12-14 % for p-Si
and 14-20 % for m-Si. M-Si cells have a slightly higher efficiency but are on the other hand
more expensive to produce.

Silicon solar cell technology for terrestrial applications was developed in the 1950s, and
the technology is robust and well proven [3]. The base of the silicon solar cell is a thin wafer
of silicon (typically around 200 um thick). The backside is covered in metal and thin metal
lines are added on top of the cell as electrical contacts. The cells are connected by metal strips
that are soldered to the cells, into modules of various sizes.

The production of the raw material and the wafer is very energy intensive. The
production of m-Si wafers includes one extra step compared to p-Si wafers, and therefore
requires even more energy. However, the production processes are continuously getting more
efficient. For example, it is estimated that reducing the wafer thickness to 100 um could
reduce the energy required in production by 50 % [4].

A typical silicon solar module is a laminate of a polymer back sheet, the solar cells
encapsulated on the front and back by a polymer encapsulant, and a tempered glass frontside.
The whole laminate is most often inserted into a metal frame. Typical materials today are a
back sheet of Tedlar (polyvinyl flouride, PVF), an encapsulant of ethylene vinyl acetate
(EVA) and an aluminum frame.

In other 20 % of the market is composed of a diverse group of technologies called thin
film cells. This includes amorphous silicon cells (s-Si), cadmium telluride cells (CdTe) and
cadmium indium gallium diselenide cells (CIGS). They typically have lower efficiencies than
the crystalline cells, commercial values are around 10-13 %, but are less expensive to produce



[2]. Some of them can also be made flexible, which may be an advantage in building
integration.

Thin film cells are a few um thick and produced on a substrate of glass, metal or plastic,
which provides rigidity. In contrast to silicon solar modules, thin film modules are not limited
by the size and shape of a silicon wafer, which gives more freedom in shape and size of the
modules.

A PV system includes not only the modules but also components such as cabling,
mounting structure, inverters (for grid-connected systems) or batteries (for standalone
systems). These components are referred to as balance-of-system, or BOS. The design of the
BOS is important for the overall performance of the system.

2.2 Environmental impact assessments

There are several ways to assess the environmental impact of a product, with varying
degrees of complexity. The cumulative energy demand (CED) is the total energy used in the
manufacture of a product. CED should be expressed in terms of primary energy [4]. It is
sometimes also referred to as the embodied energy of a product. A corresponding factor is the
embodied emissions, which quantifies the greenhouse gas emissions associated with the
embodied energy.

The energy payback time (EPBT) is a commonly used factor for energy producing
systems. Simply put, it is the CED divided by the annual energy yield of the system, i.e. the
number of years it takes for the system to “pay back” its embodied energy [4]. For PV
systems, the energy yield depends on the geographic location, cell technology and design of
the specific system.

Life cycle assessment (LCA) is a method to account for several environmental aspects
and impacts during the complete lifetime of a product or service [5]. LCA is a broad
evaluation method that takes into account not only the amount of energy or emissions, but
also quantifies their effect on climate change, ecosystems and human health. Consequently,
LCA is a complex assessment method and the final result depends greatly on the quality of
the data used. The whole lifecycle should be included in the analysis, e.g. material extraction,
production and recycling. The data can be measured, calculated, estimated or gathered from
relevant databases such as Ecoinvent. The data is gathered in a life cycle inventory (LCI) and
interpreted based on the scope and goal of the LCA.

To calculate the environmental impact of a PV system (or any other energy source), the
generated energy must also be taken into account. This means that the total impact of the
system depends not only on the emissions generated during its lifetime, but also on the
emissions avoided by its lifetime energy generation. Accordingly, the expected lifetime of the
system, and thereby its total yield, has a strong influence on the results. A useful unit is the
specific emissions, which is the emissions required to generate one unit of electricity,
expressed as e.g. g CO, emissions per kWh.

3 Method

This paper is a review of published results related to lifetime and degradation of PV
systems, and how this influences their environmental impact. Particular interest has been
given to PV systems integrated into or installed on buildings.

First, guidelines and recommendations of how to assess the environmental impact PV
system were reviewed. Secondly, published results from field tests of PV system were
studied, to elucidate how and why PV systems fail. Lastly, the influence of PV system
lifetime on environmental impact assessments is studied.



4  Results

4.1 Recommendations for life cycle assessment of PV systems

For a PV system, the lifetime environmental impact depends on three major factors: the
specific energy yield of the system, the environmental impacts of its production and its
lifetime [4]. The specific energy yield is a factor of the efficiency of the modules, the
geographic location and other local factors such as shading and orientation. The
environmental impacts of the production depend on the type of module, the efficiency of the
process, but also on which energy source is used during the production. The lifetime of the
system has a large impact on the result, since this determines the total energy production of
the system.

The International Energy Agency Photovoltaic Power Systems Programme (IEA-PVPS)
has produced guidelines for life cycle assessments of PV modules [6]. The guidelines were
created to provide guidance in the areas where the ISO standards give some freedom and
thereby giving “consistency, balance and quality” to LCA calculations involving PV modules,
and are said to represent a consensus among PV experts in the United States, Europe and
Asia.

The guidelines recommend using a lifetime of 30 years for mature module technologies,
based on the typical warranties and “the expectation that modules last beyond their
warranties”. They also recommend using a linear degradation rate of 0.7 % per year, which
means that the modules would reach 80 % of their nominal power after 30 years. Cabling and
structural components are assumed to have the same lifetime as the modules. The guidelines
recommend using a lifetime of 15 years for small scale inverters, while 30 years with 10 %
replacement of parts can be used for larger inverters.

4.2 Estimating PV module lifetime

PV module lifetime is often assumed to be 20-30 years for silicon solar cells and 20-25
years for thin film technologies, while higher and lower values can also be found in literature
[1, 4, 7, 8]. There is, however, little specific data to support these assumptions. They values
are generally based on a combination of warranties, accelerated testing, field tests and
estimations. The reliability and lifetime of a PV system is also influenced by the quality and
design of the BOS.

4.2.1 Warranties

A PV module today typically comes with a power warranty that guaranties 90 % of the
initial nominal power after 10-12 years, and 80 % of the power after 20-25 years of operation.
This is a drastic increase from the 5 year warranties in that were typical before the 1990s [9,
10]. The producer’s definition of the initial power may, however, allow for both
manufacturing tolerance and measurement tolerance, which means that it can be significantly
lower than the stated nominal power [10].

PV modules are often considered to be the most reliable part of a PV system. In general,
PV modules do not experience one catastrophic failure resulting in system break-down, but
rather a slow, steady degradation in performance. There are few returns of PV modules but
most results are, however, the result of such a catastrophic failure. A reason for this is that it is
very difficult to monitor the performance of individual modules in a PV system, and
underperforming modules may therefore go unnoticed [10].



4.2.2  Accelerated testing

In order to assure high reliability and quality of PV modules, the International
Electrotechnical Commission (IEC) has introduced a set of standards for accelerated tests, so-
called type approval tests, leading to module certification. Most modules on the market today
are certified. The standard (IEC 61215 [11] for crystalline silicon modules, IEC 61646 [12]
for thin film modules and IEC 62108 [13] for concentrator modules), describe the so-called
“design qualification and type approval”. This series of test attempts to simulate long-term
outdoor exposure, including for example hot-spot endurance, thermal cycling and humidity-
freeze tests. To pass the qualification test, the modules must meet the criteria for maximum
power degradation, electrical safety and level of visual defects.

The type approval test is a way for the producers to verify that their modules meet a
minimum standard. However, the test does not guarantee that the module survives 25 years of
outdoor operation, nor does it provide a definite value of module lifetime [9]. A general view
seems to be that the tests are only useful to detect early product failure [14]. In fact, about a
third of the modules fail the type approval tests [15]. Several authors point out the need for
better adaptation of the accelerated tests to reveal failures that actually occur in the field.

4.2.3 Field tests

So far, the only way to reveal actual failure modes for PV module is field testing. A
number of field tests a performed worldwide since the 1970s but as they were not performed
according to one certain method, it may be difficult to compare the results [16]. The
degradation of PV systems may also depend on other components than the modules.

Another reported problem with field testing is the time scale. It is not possible to test a
module for 25 years before it is introduced in the market. In addition, the modules that have
been in operation for 25 years today are not representative for current module production, and
test results cannot be used directly.

The degradation rate of 0.7 % (which leads to 80 % of initial module power after 30
years) that is stated in the IEA guidelines refers to results from field tests published by
Skoczek et al. [9]. They studied the performance of 204 crystalline silicon modules after an
average of 21 years of field exposure at the Joint Research Center in Ispra, Italy. The average
degradation rate was found to be 0.8 % per year, or 0.67 % of the modules that failed
completely were excluded. However, a difference was found between modules that had been
connected to a battery charger and those in open circuit conditions, where the latter category
performed significantly better.

A comprehensive review of PV module field testing during the last 40 years was
recently published by Jordan and Kurtz at the U.S. National Renewable Energy Laboratory
(NREL) [17]. The paper gathers data from nearly 2000 degradation measurement on modules
and systems worldwide. Several module technologies were studied. The review concludes that
the average degradation of the modules was 0.8 % per year with a median value of 0.5 %. The
average degradation for thin film modules was larger than for crystalline silicon modules, but
the difference had narrowed since year 2000.

The degradation rates presented in the review vary significantly. However, 78 % of the
modules in the study showed a degradation rate of less than 1 %. Some studies presented
measured rates down to 0.17 % [18]. If this rate was assumed to continue, it would mean that
the modules reached 80 % of their initial power after 130 years. (Such a performance is,
however, very unlikely.)

Jordan and Kurtz [17] also points out that the modules in the field tests may not
represent a statistically valid selection. Modules with high degradation rates are unlikely to be
left in the field and reported on as often as those with low degradation rates. In fact, the



authors found that the reported annual degradation rates were lower the longer the field
exposure. In addition, some of the field studies rely on a small number of tests.

4.2.4 Common degradation issues

Disregarding the differences in degradation rates, the field studies have identified a
number of commonly occuring degradation mechanisms. Regularly occurring issues were
discoloration, delamination or bubbles in the encapsulant; back sheet cracks; soiling/ingrained
dirt in the glass; hot spots; corrosion in the metal interconnects between the cells and in the
connection to the junction boxes; and glass breakage. [9, 15, 16]

Quintana et al. [16] identified five categories of degradation: packaging material
degradation, adhesional degradation, interconnect degradation, degradation from moisture
intrusion and finally degradation of the semiconductor device. Roughly 90 % of the failures in
the field are reported to be caused by damages to cell interconnects, circuitry and packaging,
and not to the solar cells themselves [19]. Ferrera and Philipp [15] found the polymers in the
modules to be the weakest point.

While degradation of the semiconductor material may be a factor, it is not a primary
cause of performance loss. The exception is a phenomenon called ‘light-induced degradation’,
which causes a decrease in output of 1-3 % during the first few hours of light exposure [16].
In accordance with this, field studies have also reported a higher performance loss during the
first year [9].

The local climate and environment has an effect on the degradation of PV modules.
Outdoor weathering of PV modules is the result of environmental stresses such as temperature
fluctuations, precipitation, humidity, wind, sand, pollution etc. High temperature is well
known to decrease the efficiencies (especially for silicon modules) of PV modules during
operation, but can also contribute to module degradation.

While sunlight is essential to energy production, it is also damaging to modules. High
temperature is both a stress and an acceleration factor. It can speed up other reactions, such as
crack formation. In addition to temperature stresses, the UV radiation can cause degradation
both on the inside and outside of the modules [15].

Very high temperatures that occur it hot-spots are reported to have burned holes through
the back sheet and cracked the glass. Hot-spots in modules can occur in faulty modules, but
also as a result of local shadowing of parts of modules. This highlights the importance of a
well-designed system.

Water in the form of rain or humidity can enter into modules with damaged packaging
and lead to delamination and corrosion. Hail and sand can damage the glass through abrasion.
Wind and snow subjects the modules to mechanical loads [15].

4.3 PV systems in buildings

Due to the relative novelty of the concept of building integrated PV (BIPV), there are
not many examples of 25 year old systems available. Overheating is possibly a larger problem
for building integrates systems than free-standing systems, which may cause modules to
degrade faster. On the other hand, fagade integrated systems in cold climates have reported
low degradation rates, possibly related to reduced snow load [17].

However, the evaluation of lifetime and the assessment of different failures types may
not be the same for BIPV systems as for free-standing or roof mounted systems. For a highly
visible facade integrated system, visual degradation may for example be considered a
problem, even if the energy production was still satisfactory. On the other hand, a lower
energy production could be tolerated if the modules showed no visible signs of
degradation [16].



Replacement of PV systems in buildings may also be more complicated than the
replacement of free-standing systems. In some cases, the owner may choose to not replace the
system at all. In the example of the BIPV wall on the Solaire Building in New York City [7],
the architect and designer stated that the PV system it was not likely to be replaced, even if
they were no longer functioning, unless the owners wanted an esthetic change. In this case,
the PV system was estimated to have the same structural lifetime as the building itself, even
though the period of energy production was shorter.

4.4 Influence of lifetime on environmental impact

Since the PV system generates energy during its lifetime, the specific emissions, i.e.
emissions per generated energy unit, is a useful factor for assessment of environmental
impact. The PV module lifetime thus has a large influence, since it determines the total energy
generation of the system. Simply put, for a particular PV system, the environmental impact of
the produced energy is directly proportional to the inverse of the lifetime [4].

Results from a simplified calculation of the influence of lifetime on the specific
emissions of PV are shown in Fig. 1. The PV system is a freestanding, optimally oriented
system with crystalline silicon modules. The specific emissions are calculated for lifetimes of
20 to 50 years for three locations in Europe with different annual irradiation: Trondheim
(1000 kWh/m?), Prague (1200 kWh/m?) and Rome (1700 kWh/m?). The specific emissions
are expressed relative to the reference case (100 % in the figure) which is a system in
Trondheim with a 30 year lifetime. Irradiation and yield data is gathered from PVGIS [20].
An annual degradation rate of 0.7 % is assumed for all systems.

If the base case system in Trondheim was instead expected to generate energy for 40
years, the specific emissions are reduced to 78 %. On the other hand, if 20 years is used, the
specific emissions are 45 % higher.

The energy that a PV system generates over its lifetime is of course also dependent on
the level of irradiation at the site. The specific emissions for a PV system in Rome are lower
than in Trondheim due to the higher level of irradiation. As Fig. 1 shows, the specific
emissions for a PV system with a lifetime of 20 years in Rome are approximately the same as
for a system with a lifetime of 35 years in Trondheim. It should be note that this is a
simplified calculation which is only meant to roughly illustrate the influence of lifetime and
location on specific emissions.
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Fig. 1 The change in specific emissions depending on lifetime of a PV system in three European
locations with different annual irradiation. The reference case is a system in Trondheim with a lifetime
of 30 years. Annual degradation of 0.7 % is assumed for all systems.

5 Discussion

The design of the PV system is important for its long term performance. Local shading
may lead to hot-spots, which can cause severe damage to the modules. In areas with large
snow loads, the angle of the modules should be adjusted to let snow slide off easily.
Overheating is damaging to PV systems both in the short and long term. It is therefore
important to ensure proper ventilation around the modules, especially in building integrated
systems.

There is no consensus on the failure definition for solar systems. As the field studies
show, most modules do not experience a catastrophic point of failure, but rather a steady
degradation. A power reduction to 80 % of the initial power is often considered as the failure
point. As Jordan and Kurtz [17] point out, a high-efficiency module with 50 % degradation
may still perform better than a less efficient module at its initial power. Ultimately, the failure
definition is subjective and may be different from case to case. If the energy generation still is
satisfactory to the owner, it cannot be said to have reach its failure point. BIPV systems may
even be considered to have two lifetimes: one as an energy generating unit and one as a
structural building component.

LCAs involve complex calculations as well as a number of assumptions and
estimations. A common estimation of building lifetime is 60 years, and it is difficult to predict
what replacements and improvements that will be made in the future. If the recommended PV
system lifetime of 30 years is used in the calculations, how should the replacement system be
estimated? Should an increased efficiency and lifetime of the modules be expected for the
new system, and how should the embodied emissions be estimated? These choices have a
large impact on the resulting LCA.



6 Conclusions

Published literature on life cycle assessments of PV systems has been reviewed. Recent
calculations of LCA of buildings reveal that PV systems account for a large fraction of the
embodied emissions.

The three major factors that influence the environmental impact of PV systems is the
specific yield, the impacts of production and the lifetime. LCA results always include a
number of estimations and assumptions. For PV systems, these assumptions include the
expected lifetime and degradation rate, projected efficiencies of future modules and BOS.

The IEA recommends using a lifetime of 30 years for PV modules in in LCA
calculations, based on module warranties, published field studies and some assumptions. PV
module producers typically guarantee that the modules produce 80 % of the initial energy
after 25 years. PV modules are certified according to standardized accelerated testing. These
tests confirm that the modules satisfy minimum quality standards, but do not guarantee a
lifetime of 25 years. Actual module lifetimes depend on the system design, the geographic
conditions and how the system is operated.

Knowledge on how PV modules degrade may also help system designers to design
durable systems. In addition, since the general failure of PV systems is a gradual degradation,
the definition of failure is to some degree subjective and depends on what the system owner is
willing to tolerate. More results from field tests are necessary to provide reliable information
on PV module lifetimes. In addition, field degradation data can make it possible design
accelerated tests that better reproduce the actual failures that occur in the field.
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1. Introduction

In a hybrid photovoltaic-thermal (PV/T or PVT) module, elec-

tricity and thermal energy is generated simultaneously in the

r—— same module. The basic idea of the concept is to utilise more of the

Abbreviations: PV, photovoltaic; PV/T, photovoltaic-thermal; LCA, life cycle L i P .

assessments; LCI, life cycle inventory; GWP, global warming potential; CED, solar radiation by also harvesting the waste heat that is generated

cumulative energy demand; IPCC, Intergovernmental Panel on Climate Change;
BOS, balance of system (auxiliary components for PV systems)
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in photovoltaic (PV) modules. Since PV cells generally become less
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double benefit: the waste heat is utilised and the modules are
cooled.

The technology is not new; the first studies were published in
the mid-1970s, and several different concepts and ideas have been
studied during the past decades. A number of reviews have been
published on the topic of PV/T technology in the last couple of
years, for example by Zhang et al. [1], Tyagi et al. [2] and Chow
et al. [3]. The focus of these reviews spans from laboratory work on
new concepts to examples of applications. There are also a number
of publications describing pilot installations of PV/T systems for
different applications in many parts of the world, including
buildings.

The combination of two technologies in one module also has
the potential to reduce the use of materials, the time of installa-
tion, and the required space. In order to assess and quantify this
possibility, several research groups have presented environmental
impact assessments of PV/T modules and systems, for example
using lifecycle assessments (LCA). LCA is a method used to eval-
uate the environmental impact of a product or service over its
entire life cycle.

This paper presents a review of publications concerning LCA of
PV/T technology, and aims to find a common ground in the
assessments. It is found that most of the publications focused on
custom-made modules and systems, which is not surprising due to
the small size of the PV/T market. Most of the studies also focused
on payback times for energy and greenhouse gas emissions.

The paper starts with a description of the methodology in
Section 2. The results of the review are presented in Section 3,
followed by a discussion in Section 4 and a summary of the con-
clusions in Section 5.

2. Method

This section starts with a description of the method used for
performing the review (Section 2.1), followed by an introduction
life cycle assessments (LCA), which is one of the more common
methods for evaluation of environmental performance (Section
2.2). A selected number of assessment metrics for energy systems
are described in Section 2.3.

2.1. Review method

This paper is based on information found in scientific pub-
lications from peer reviewed journals and conferences. Direct
information from companies has also been used. Some of the
figures presented in the results section are converted from or
calculated based on data in the reviewed publications, in order to
make it easier to compare the results against each other.

2.2. Life cycle assessments (LCA)

LCA is a methodology for assessment of the environmental
impact of a product or service over its whole life cycle. Depending
on the scope of the assessment, this may include all processes
from the extraction of raw materials to recycling or disposal. An
international standard for the performance of an LCA is described
in [4], and should be divided into the four following steps:

1. Goal and scope definition.

2. Life cycle inventory (LCI).

3. Life cycle impact assessment (LCIA).
4. Interpretation.

The goal and scope is an important step, where the objective,
choice of functional unit, and boundary conditions of the study are

determined. These choices can have a big impact on which data
needs to be collected, and on how the collection should be
performed.

The data on processes and materials is gathered in a life cycle
inventory (LCI). The source of the data can be either direct mea-
surements or data from production, generic input from data bases,
or a combination.

An assessment of the large amount of LCI data is performed
through life cycle impact assessment (LCIA) methods, where the
impacts are categorised. Different methods use different categor-
isations that focus on different impacts, for example damage to
ecosystems, acidification, or global warming. Some methods only
focus on a single issue.

In the interpretation phase, the results of the assessment are
evaluated based on the objectives determine in the first phase. A
common objective of LCAs is to find the environmental “hot spots”
in the production, or to compare alternative products based on
specific criteria.

2.3. Assessment of energy systems

In the assessment of renewable energy systems, one also needs
to consider the avoided environmental impact by not using more
polluting sources of energy. This impact depends on the amount of
energy that can be generated by the system, but also on the type of
energy which is replaced. Both these factors depend on local
conditions, which mean that results from two different studies
cannot be directly compared.

Most of the studies that were reviewed for this paper focused
on the payback time for energy (EPBT) or greenhouse gas emis-
sions (GPBT) of a specific system in years. The energy payback time
is a measure of how many years of operation it takes for the sys-
tem to generate the same amount of energy that was required for
its production, the so-called embodied energy. The payback time
therefore depends both on how and where the system was pro-
duced, as well as its energy performance during operation. An
energy efficient production, high use of renewable energy, and a
well-performing system lead to low values of EPBT.

A simplified calculation method for EPBT (years) is shown in
Eq. (1), where CED (kWh) is the cumulative energy demand of the
production, and E,,; (kWh/year) is the annual energy output of the
system. A more detailed calculation will also include energy use
for operation and maintenance, as well as degradation of the
modules.

CED
Eout

EPBT = (¢

A weakness of the EPBT is that it does not take into account the
expected lifetime of the system and its components, which means
that the EPBT can be longer than time the system is expected to
operate. Another factor that can be used to avoid this is the energy
return on (energy) investment (EROI), which can be calculated
from the EPBT according to Eq. (2), where L (years) is the expected
lifetime of the system [5]. If the value of EROI is lower than 1, it
does not have a net energy output during its lifetime.
EROI= L 2)

EPBT

A complicating factor in the case of PV/T systems is that the
output is distributed over two energy carriers (electricity and
heat). This means that it is necessary to use some form of con-
version factors or method to be able to compare the two. Common
factors are primary energy, exergy or CO, emissions.
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3. Results
3.1. Overview

Several research groups have studied the environmental
impact of PV/T systems, although the number of published studies
is small compared to that of PV systems. An overview of the
publications is presented below and a summary of some of some
key parameters are shown in Table 1.

Not all of the studies follow the LCA methodology, as described
by ISO [4], or use only parts of it. Two commonly used impact
factors are the global warming potential at 100 years (GWP100), as
defined by IPCC [6], and the cumulative energy demand (CED) or
primary energy resources (PER). Some of the research groups have
used the LCA software SimaPro [7] to perform their analyses.

The embodied energy demand of the installations in the pub-
lications was given based on the functional unit. It has here been
recalculated to a common unit (kWh/m? installation) to enable
comparison. The GWP100 is likewise recalculated to a common
unit (kg CO, eq/m? installation). The values are shown in Table 1.

All studies included the balance of system (BOS) in the calcu-
lations. The term BOS refers to all components, in addition to the
solar modules, that are necessary for the system to function, such
as inverter, storage tank, and mounting rails. The studies differ in
what is included in the BOS, and how often (if ever) the compo-
nents are replaced. The EPBT was in the range 0.8-14.33 years and
the GPBT 0.8-4.0 years.

The expected lifetime is also a factor that differs between the
studies. Most publications report an expected lifetime of 15-30
years, but some also report expected lifetimes of up to 45 years [8].
However, this difference does not have an impact on the calcula-
tions of EPBD and GPBT, since the payback times in all of the cases
are much shorter than the expected lifetimes.

The EROI was not given in the publications, but has been cal-
culated here and is shown in Table 1. The calculations are per-
formed with the average of the lifetimes given in the publication, if
no more specific data is given. The calculated values of EROI ranges
from 1.4 for the a-Si modules in the study by Crawford et al. [9] to
34.1 for the HIT modules in the study by Kamthania and Tiwari
[10].

ISO [4] describes the functional unit as the “quantification of
the identified functions (performance and characteristics) of the
product”. All inputs and outputs relates to the functional unit,
which ensures that the results can be compared. The choice of
functional unit varies significantly between the studies. Some use
1 m? module area [8], 1 m? roof area [11], 1 kW), installation [12],
or the whole PV/system [13]. In other cases, no functional unit is
specified.

3.2. PV/T systems with liquid heat carrier

Tripanagnostopoulos et al. [13] conducted experimental studies
on water-cooled PV/T modules at University of Patras in Greece.
Modules with and without glazing, working at different operating
temperatures were compared. A reference PV system was used,
and the effect of adding stationary aluminium reflectors to all
systems was analysed. An LCA was performed to verify the benefit
of using heat removal. The energy payback time was calculated
based on the energy source that is being replaced (electricity or
natural gas). The shortest EPBT was found to be for glazed PV/T
modules at the lowest studied operating temperature (25 °C),
replacing electricity (European grid mix). The EPBT of this system
was 0.8 years, a 70% reduction compared to the reference PV
module (2.9 years). A system with unglazed modules at the same
conditions had an EPBT of 0.9 years. For an operational tempera-
ture of 45 °C, which was the highest temperature studied, the

Table 1

Key findings in the reviewed publications. (Data in italics is calculated based on data given in the publications).

GPBT

EROI

EPBT [years]

Embodied emis-
sions [kg CO,eq/m?]

Embodied energy

[kWh/m?]

Location of

system

PV efficiency [%]

System description

PV/T technology

Publication

[years]

[dimensionless]

0.8-2.2

0.8-4.1 4.9-25.0

396 (glazed module)*

1281 (glazed

module)*
1442

Patras, Greece

10.6-12.6

Optimally inclined (38°) on

PV/T-liquid, glazed
and unglazed

PV/T-air

Tripanagnostopoulos, et al.

[13]

Battisti and Corrado [12]

1.6-2.8

8.0-13.2

1.7-2.8

451

Rome, Italy

0.7

1

On flat and tilted roof, also
building integrated

Optimally

343-377¢ 0.9-2.0 15.0-33.3 13-2.2

1074-1194*

Patras, Greece

10.6-12.6

clined (38°) on

PV/T-air, glazed and

unglazed
PV/T-air

Tripanagnostopoulos, et al.

flat and tilted roof

[15]

Crawford et al. [9]

1.4-3.3 (c-Si)

6-14 (c-Si)
4-9 (a-Si)

6570-8064 (c-Si) -

New, South

Not mentioned

Building integrated

2.2-5.0 (a-Si)
24-66

4575-4738 (a-Si)
1380-2078

Wales, Australia
New Dehli and
Leh, India

11.4-14.33

11

Open field and roof-top.

PV/T-liquid

Tiwari et al. [8]

Optimal inclination. Battery

included.

3.2-4

5.9-8.0

2.8-38

1303-1726 387-513

Hong Kong

13

Free-standing at optimal

PV/T-liquid

Chow and Ji [14]

angle and facade integrated
Semi-transparent fagade

integrated.

3.7-34.1

0.86-2.37
(energy)
3.19-9.28
(exergy)

603-1772

Srinagar, India

5-17 (different
technologies)

PV/T-air (9 different
PV technologies)

Kamthania and Tiwari [10]

3.8-16.7

1.7 (energy)

1235

New Dehli, India

Not mentioned

Free-standing, inclination

PV/T-air
30°

Agrawal and Tiwari [16]

7.88 (exergy)

* Reflectors not included in embodied energy and emissions figures.
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EPBT was 2.2 and 3.6 years respectively. Interestingly, the study
also found that even though the aluminium reflectors added to the
total embodied energy of the system, the energy and emissions
payback time was decreased by 6.9% and 7.4% respectively.

Tiwari et al. [8] calculated the embodied energy, EPBT, yield
factor, and embodied CO, emissions of PV/T-liquid systems in two
locations in India (New Dehli and Leh). The impact of BOS,
mounting system (in-roof or open-field), degradation, and com-
ponent replacements were studied. They found that the EBPT
ranged from 5.33 years without BOS, to 14.33 years with BOS,
degradation and replacements. The highest value (14.33 years)
was for a non-integrated system with degradation of the modules
and replacement of the battery bank every fifth year, which
appears to be a quite pessimistic scenario. The EBPT was never-
theless found to be lower than for a pure PV system. The embodied
GHG emissions were calculated for 1 m? per year, a unit which is
not easily comparable to other publications. The embodied emis-
sions ranged from 21.26 kg CO, eq/m? year to 38.76 kg CO, eq/
m? year.

Chow and Ji [14] studied two PV/T-liquid systems in Hong
Kong, of which one was optimally inclined and free-standing, and
one was integrated into a facade. Both systems worked with the
thermosiphon principle and included a water storage tank at the
upper part of the installation. A thorough inventory of the systems
was performed. Data for the inventory was taken from other
publications and the Hong Kong Government Electrical and
Mechanical Service Department (EMSD). Payback times for cost,
energy and greenhouse gas emissions (CPBT, EPBT and GPBT) were
calculated for the two systems. The EPBT was calculated to
2.8 years for the free-standing system and 3.8 years for the fagade
integrated system. The corresponding GPBT were 3.2 and
4.0 years, respectively.

3.3. PV/T with air as heat carrier

A thorough investigation of a PV module with air heat recovery
was performed by Battisti and Corrado [12] in Italy, where the heat
recovery was introduced as a step to improve PV performance.
They calculated the cumulative energy demand (CED), global
warming potential (GWP100) using SimaPro 5.1 and Ecoindi-
cator'95 impact assessment method. Both primary data from
producers and generic data were used. The production of PV
modules was found to account for the major part of the energy
demand, but the mounting structure also accounted for around 6%
of the CED. The energy and greenhouse gas payback times (EPBT
and GPBT) were calculated based on energy replaced. The EPBT
and GPBT were 1.7-2.8 and 1.6-2.8 years, respectively. The cor-
responding numbers for a standard PV module was 3.3 and
4.1 years.

In a later study by Tripanagnostopoulos et al. [15], the envir-
onmental impact of PV/T-air collectors are studied in a similar
manner to the PV/T-liquid collectors [13]. The study includes
glazed and unglazed PV/T-air modules, also with the inclusion of
aluminium diffuse reflectors. The analysed systems are installed in
Greece, either mounted at optimal tilt angle on a flat roof, or
integrated into a tilted roof with the same angle. The EPBT was
1.0-2.0 years for the unglazed systems, and 0.9-1.9 for the glazed
systems, compared to 2.9-3.2 years for the reference PV system.
The GPBT is 1.3-2.3 for the unglazed system, 1.2-2.2 years for the
glazed system, and 2.7-3.1 years for the reference PV systems. The
authors found that the payback times were shorted for the PV/T-
liquid systems compared to the PV/T-air systems, depending on
the lower thermal efficiency of the latter. However, all of the PV/T
systems achieved lower payback times than the reference PV
systems, proving the benefit of the hybrid technology.

Crawford et al. [9] studied building integrated crystalline (c-Si)
and amorphous silicon (a-Si) systems with a heat recovery unit,
and compared it to a c-Si system without heat recovery. The heat
recovery unit, which was attached to the backside of the modules,
was made of a black-painted and insulated plywood duct, with a
fan forcing air through. The authors used a hybrid LCA approach,
which combined process based analysis with input-output (I-0)
analysis, arguing that this would give a more comprehensive
embodied energy assessment. The embodied energy and energy
payback time of the systems were calculated. It was found that the
EPBT ranged from 6 to 14 years for the c-Si modules with heat
recovery, and 4-9 years for the a-Si modules. Without heat
recovery, the EBPT ranged between 12 and 16.5 years, proving that
there was a significant benefit of installing a heat recovery unit.
The large span in EPBT was due to the fact that low and high
values of the embodied energy from silicon production were used,
as well as two different thermal energy output scenarios (elec-
tricity and gas).

Kamthania and Tiwari [10] studied the energy metrics,
including embodied energy demand and energy payback time, of a
semi-transparent double pass PV/T facade with air as heat carrier.
Three different system configurations were considered, where the
PV/T modules were connected either in series, parallel, or a com-
bination of the two. The performance of 9 different PV technolo-
gies was studied, including both crystalline silicon and thin film
alternatives such as CIS, CIGS and CdTe. The embodied energy for
each of the systems were calculated, and it was found that the use
of crystalline silicon cells resulted in the highest embodied energy,
while CIGS cells resulted in the lowest. The energy payback time
ranged between 0.86 years for the CIGS system to 2.37 years for
the crystalline silicon system. The EPBT based on exergy calcula-
tions ranged from 3.19 to 9.28 years.

Agrawal and Tiwari [16] conducted an “enviroeconomic” study
of PV/T-air modules, where also earned carbon credits were
included as a factor. The embodied energy of the collector is cal-
culated based on a component breakup with quantities and energy
densities; however, no source was given for the energy densities.
The energy payback time is calculated to 1.8 years based on annual
thermal energy gain and 7.88 years based on annual exergy gain.
The output is assumed to replace electricity from coal.

3.4. Comparing electricity and heat

A complication factor in the case of PV/T systems is that the
output is distributed over two energy carriers (electricity and
heat). This means that it is necessary to use some form of con-
version factors or method to be able to compare the two.

The reviewed publications have solved this issue in different
ways, although most have evaluated the output based on the type
of energy which is replaced. The electricity is usually assumed to
replace grid electricity on the location of the installation. The
thermal energy output is evaluated based on the source of energy
that would otherwise be used for heating. One research group also
converted the output to exergy [10,16].

The grid electricity has different environmental impact, or
emission factors, in different countries and regions. The grid
emissions factor is most often expressed in CO,eq/kWh. It is
evident that an installation in a location with a more polluting grid
has a larger positive environmental impact than an installation in
a location with a “greener” grid.

Tripanagnostopoulos et al. [13] assumed that the electricity
from the solar energy system replaces electricity with a European
grid mix (0.6 CO, eq/kWh). The thermal energy is assumed to
replace either natural gas or an electric boiler, with the emission
factors 0.3 and 0.6 CO, eq/kWh respectively. They thus concluded
that the benefit was largest when the systems replaced an electric
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boiler. For their later study of PV/T air collectors [15], the authors
included three scenarios for the thermal output: 12 months use for
space heating, 6 months use for space heating, and finally
6 months use for space heating and 6 months use for pre-heating
of domestic hot water. They found that the benefit was larger the
longer the thermal output was used, and that the third scenario,
with both space and water heating, was an interesting alternative
for domestic applications.

Crawford et al. [9] also assumed that thermal energy would
replace either electricity or natural gas. Primary energy factors
natural gas (1.4) and the electricity grid (3.1) and New South
Wales, Australia were used. The authors also used efficiency fac-
tors for of 0.7 and 1.0, respectively. Consequently, the benefit from
replacing electricity was found to be larger than replacing gas.

Kamthania and Tiwari [10] converted high grade electricity
output to low grade thermal output, by dividing it with the con-
version coefficient for a thermal power plant in India (0.38). The
EBPT was then calculated based on this overall thermal perfor-
mance of the system. They also performed similar calculations
based on exergy, in which case the EPBTs were found to be sig-
nificantly longer.

Agrawal and Tiwari [16] also calculated the EPBT based on
overall thermal energy and exergy, and also found longer payback
times based on exergy. They assumed that output replaced elec-
tricity from coal, which has a GHG emission factor of
0.96 kg CO, eq/kWh, but with transmission losses (40%) and effi-
ciency losses in equipment (20%) it was assumed to be
2.0 kg CO, eq/kWh.

Battisti and Corrado [12] used the Italian grid mix, which has an
emission factor of 0.8 kg CO, eq/kWh. They also introduce a “use
coefficient”, C,, to account for the different values of thermal
energy when used for different purposes. Thermal energy repla-
cing energy for DHW preparation (coefficient 0.6) was calculated
to be more valuable than thermal energy replacing space heating
(coefficient 0.2).

Chow and Ji [14] assumed that heat and electricity replace town
gas (0.2kgCO,eq/kWh ) and electricity from the grid
(0.7 kg CO, eq/kWh), respectively. A heat-to-electricity factor of
0.3 is used in the computation.

4. Discussion

The number of studies on the environmental impact of PV/T
modules and systems is still small. It is therefore difficult to draw
any general conclusions. However, all of the studies presented here
have found that the energy and emissions payback times are much
shorter than the expected lifetime of the modules, which is to say
that the installations “make sense” environmentally.

Some of the publications follow the standard procedure for
LCA, as described by ISO, but there are also some where the choice
of method is less transparent. Some studies are also missing
references for the LCI data sources. This makes it difficult to
compare the results of the studies, and to evaluate the transfer-
ability of the results.

All of the studies calculate the EPBT of the system, and some
also calculated the GPBT. Payback times are very useful for eval-
uating the environmental soundness of an installation. They do
not, however, say anything about how much renewable energy the
system will generate during its lifetime. A system with a low
embodied energy but short expected lifetime may for example
have a short EPBT, but a low total energy output. A system with a
higher value on embodied energy and a longer EPBT may have a
higher total renewable energy during its lifetime.

The value of EPBT ranges from 0.8 to 14.33 years in the
reviewed studies. However, most of the studies seem to agree on

an EPBT of around 1-4 years. The GPBT is calculated in fewer
studies, and ranges from 0.8 to 4 years. It is difficult to establish
the main reason for these differences in EPBT. On the whole, LCA
studies are sensitive to the calculation method and the choices and
assumptions made by the individual LCA practitioner. The EPBT of
solar energy systems is sensitive to, among other factors, the
boundary for the calculation, assumptions about the production of
components, energy and emission factors, components included in
the BOS, maintenance and replacement schemes, energy output,
and how thermal and electric output is compared.

The lifetime of the modules are also an important factor. The
expected lifetime of solar energy systems in general is uncertain.
Most PV producers today give an energy performance warranty of
25 years, but it is expected that the actual lifetime can be longer.
The guidelines for life cycle assessments of PV systems recom-
mend to use a lifetime of 30 years for mature technologies in
calculations [17]. Of the PV/T producers on the market today,
several give a product warranty of 5-10 years, and an energy
performance warranty of 20-25 years (see for example [18-22]).
Unglazed PV/T modules can be kept cooler than standard PV
modules, which could result in a longer lifetime. The analysed
systems are located in Asia, Australia and Southern Europe. The
irradiation (when given) is around 1200-1650 kWh per year. None
of the studies analysed systems in areas with lower levels of
irradiation or colder climates. Installation in colder climates could
mean that the benefit of PV/T compared to PV is smaller, since
over-heating of the modules is less of a problem. The temperature
of the thermal output would also be lower. On the other hand, the
period with space heating demand is longer which could make the
thermal output more useful. However, there are other aspects that
may decrease the lifetime of the modules, such as larger tem-
perature fluctuations and higher module temperatures for glazed
PV/T modules, the use of hydronic components, and in general
more complex installations than for PV or solar thermal.

The energy output of the systems, which is a very important
parameter in the calculation of payback times, was sometimes
approximated or calculated in a simplified way. Several of the
studies were, however, based on measurements, or a combination
of measurements and calculations.

To evaluate the possibility of saving materials by installing PV/T
systems instead of separate PV and solar thermal systems, it is
necessary to have more studies that compare the installations. A
few of the studies used a PV reference system, and in all of those
the use of heat recovery for PV (i.e. the use of PV/T technology)
resulted in an environmental benefit. Tripanagnostopoulos et al.
[13] found that the best PV/T system had a 70% reduction in EPBT
compared to the reference PV system, and Battisti and Corrado
[12] found a reduction of around 50%.

Most of the analysed systems are at least partly custom-made,
and no study describing the industrial manufacturing of PV/T
modules was found. Future studies should also address the
industrial production of PV/T modules. Compared to the market
for PV modules and solar thermal collectors, the market for PV/T
modules is still small, but the number of producers and installed
systems are growing. The cost of PV/T systems are not the focus of
this paper, but is of course an important factor for the future
development of the technology and the market. PV systems are
now reaching grid parity in many countries, and it is reported that
the economic return on investment (ROI) is shorter for PV/T
modules compared to PV systems [20]. However, the economic
benefit also depends on whether the low temperature heat can be
made use of. In the last few years, a number of larger projects have
been built, especially in combination with ground source heat
pumps [23]. This appears to be a suitable use of PV/T modules,
since the thermal output can be used to increase the performance
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of the heat pump, and in some cases also for seasonal thermal
energy storage in the ground.

5. Conclusions

A review of published data on environmental assessments of
PV/T modules and system has been presented. It was found that
the energy payback time (EPBT) ranged from 0.8 to 14.33 years,
although most studies found that the EPBT was around 1-4 years.
The greenhouse gas payback time (GPBT), which was calculated in
fewer studies, ranged from 0.8 to 4 years. The EPBT of solar energy
systems is sensitive to, among other factors, the boundary for the
calculation, assumptions about the production of components,
energy and emission factors, components included in the BOS,
maintenance and replacement schemes, energy output, and how
thermal and electric output is compared. A general conclusion is
that the payback time for both energy and greenhouse gas emis-
sions of the PV/T systems are much shorter than their expected
lifetime and that PV/T installations “make sense” environmentally.
However, due to the unclear method and lack of sources in some of
the publications, it is sometimes hard to evaluate the transfer-
ability of the results.
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Abstract

This paper presents an analysis of how the design of a photovoltaic (PV) system influences the greenhouse gas emission balance in a net zero
emission building (nZEB). In a zero emission building, the emissions associated both with the energy required in the operation of the building
(operational emissions) and the energy used to produce the building materials (embodied emissions) are offset by renewable energy generated
on-site (avoided emissions). The analysis is applied to a nZEB concept for a single-family building, developed by the Norwegian Research Cen-
tre on Zero Emission Buildings. Previous analyses have shown that the installation of a PV system accounts for a significant share of the
embodied emissions of a nZEB. The objective of this paper is to assess how the PV system design choices influence the embodied and avoided
emissions, in order to determine how the environmental impact can be minimised. Four different PV technologies (Si-mono, poly-Si and CIS,
and high-efficiency Si-mono) in four different system designs for flat roofs are evaluated using two different grid emission factors. The instal-
lations are compared by means of net avoided emissions, greenhouse gas payback time (GPBT), greenhouse gas return on investment (GROI),
and finally the net emission balance of the building. The results show that the system with the largest area of high-efficiency Si-mono modules
achieves the best lifetime emission balance, but that the greenhouse gas return on investment is highest for the optimally oriented CIS modules.
© 2016 Elsevier Ltd. All rights reserved.

Keywords: Net zero emission buildings; Embodied emissions; PV system design; Net zero emission balance; Greenhouse gas return on investment
(GROI); Greenhouse gas payback time (GPBT)

1. Introduction and background Energy Agency, 2013). To reduce this contribution,
the environmental performance of buildings needs to be
1.1. Zero emission buildings drastically improved. In the European Union, the revised

directive on Energy Performance of Buildings (EPBD)

Buildings account for about a third of the global energy ~ requires of the member states that by 2020 all new build-
use and greenhouse gas (GHG)' emissions (International ings should be “nearly zero energy buildings”. These are
described as buildings with a very high energy performance

* Corresponding author. where “the nearly zero or very low amount of energy
! Abbreviations: GHG: greenhouse gas, nZEB: net zero emission required should be covered to a very significant extent
building, ZEB Centre: the Research Center on Zero Emission Buildings by energy from renewable sources, including energy

()\ ww.zeb.no), DHW: domestic hot water, BOS: balance of syslem, LCA: from renewable sources produced on-site or nearby”
life cycle assessments, GPBT: greenhouse gas payback time, GROI: .
(European Parliament, 2010).

greenhouse gas return on investment.

http://dx.doi.org/10.1016/j.solener.2016.01.038
0038-092X/© 2016 Elsevier Ltd. All rights reserved.
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Nomenclature

Ag heated floor area, m?

Eer net emission balance of building, kg CO»eq

E,cipv net emission balance of PV modules, kg
CO,eq

Eppodieca  €mbodied emissions, kg CO»eq

Eoppodiea py €mbodied emissions of PV modules,
kg COseq

avoided emissions due to use of renewable
energy from PV, kg CO,eq

Eavoided

Evoided, year avoided emissions due to use of renewable
energy from PV, average for 30 year module
lifetime, kg CO»eq/year

Npy lifetime of PV modules, years

N lifetime of building, years

GBPT greenhouse gas payback time, years

GROI greenhouse gas return on investment,
years

There are a number of definitions of net zero energy and
net zero emission buildings (nZEB) Marszal et al., 2011.
The main difference between a net zero energy building
and a net zero emission building is the weighting system
used. The word net indicates that energy can be exported
from and imported to the building, and that the net emis-
sion balance is calculated over a specific period of time,
usually a year. In practice, this usually means that the
building is connected to the electricity grid.

In the analysis presented in this paper, we follow the def-
inition framework developed by Sartori et al. (2012), and
use the load/generation balance weighted by GHG emis-
sions, measured in units of carbon dioxide equivalents
(kg COyeq). A schematic drawing of the framework,
including the use of system boundaries and weighting sys-
tems, is shown in Fig. 1.

Depending on the definition, the load side of the net
zero emission balance includes GHG emissions due to the
operation of the building, but also GHG emissions which
are emitted during the different lifecycle stages, the latter
of which is defined as the embodied emissions. Embodied

/ on-site
/ renewables

GHG emissions is a method of accounting for the amount
of greenhouse gases (regardless of their type and source)
emitted during one or more life cycle stages of a given pro-
duct, other than the ones related to its operation
(Liitzkendorf, 2016). The emissions are calculated and
expressed as CO, equivalents. These include production
of the materials and components (A1-3), transport to site
(A4) and construction (AS5), maintenance phase (B1-7)
including replacement of new materials over the lifetime
of the building (B4), ‘end-of-life’ of the building (C1-4)
and next stage product (D) including reuse, recycling (EN
15978, 2011), (not shown in Fig. 1). The embodied and
operational emissions can be seen as a loan, which is paid
back by the renewable energy generated on-site, here
referred to as avoided emissions.

The Norwegian Research Centre on Zero Emission
Buildings (the ZEB Centre) has defined five ambition levels
for nZEBs, namely ZEB-O (operation only), ZEB-O+EQ
(operation, excluding equipment), ZEB-OM (operation
and materials), and the strictest level ZEB-COM (construc-
tion, operation and materials) (Dokka et al., 2013). In the

— energy grids

£ delivered energy V7 "—M\
i electricity

N\
|l load 1
E=m)
7

emm———

1
1 I ,/ district heating/cooling “.‘
I natural gas i
\ biomass J
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Fig. 1. Schematic drawing of the connection between buildings and energy grids, showing relevant terminology, boundary conditions and weighting

systems. Figure from Sartori et al. (2012), used with permission.
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analysis presented here, the ambition level is ZEB-OM.
The impact of embodied emissions is distributed over the
lifetime of the building, which is assumed to be 60 years
in line with the work in the ZEB Centre. The normalization
unit used in the calculations is therefore heated floor area
per year of the building lifetime (m?> A4 /year).

1.2. Grid emission factors

The electricity generation in Norway is based almost
entirely on hydro power. The Norwegian grid is, however,
connected to both the Scandinavian grid and the European
grid through both import and export. The import/export
balance of Norway depends largely on how much hydro-
power is available, as well as the temperature during win-
ter. Norway is a net exporter of electricity most years.
Between 2003 and 2012, the average was an electricity
export of 3.8 TWh per year (Statnett, Key Figures 1974—
2012) The intra-annual import and export profile reflects
the dependence on hydropower, which means that the
import is most likely to occur in the first quarter of the
year, when the level in the hydro power reservoirs are
low, but a heating demand is still present (Statnett,
Import and Export, 2015). The emission factor of the
imported power depends on the source of the marginal
power, i.e. the power that is used to balance a power system
in case of increased demand. The source of the marginal
power varies over the year, and depends on the power sit-
uation in the rest of Europe. Nevertheless, the current grid
emission factor in Norway is very low compared to other
European countries, around 0.04 kg CO, eq/kW h accord-
ing to figures from Ecoinvent 3.1 (Swiss Centre for Life
Cycle Inventories, 2014).

Since the emissions are calculated over the 60-year life-
time of the building, future developments need to be
accounted for. Several scenarios for the future grid in Eur-
ope were developed in the ZEB Centre by Graabak et al.
(2014), and the influence on zero emission buildings was
analysed by Georges et al. (2015) in a European and Nor-
wegian context. The most ambitious scenario they analysed
was the so-called ZEB ultra-green scenario, in which it is
assumed that GHG emissions of the European grid will
be reduced by 90% by 2050 in line with EU long term polit-
ical goals (European Commission, 2012; ECF, 2010). Emis-
sions related to marginal power are included in the
calculated grid emission factor. In the current grid, the
marginal power is mostly from fossil fuels (coal, gas and
lignite). In the ZEB ultra-green scenario, the renewable
energy in the grid is assumed to increase steadily, which
means that the emissions from marginal power will
decrease over time. All in all this leads to an average grid
emission factor of 0.132 kg CO,eq/kW h over 60 years
(Graabak et al., 2014). The current EU grid was estimated
to have an emission factor of 0.361 kg CO»eq/kW h. Both
these two factors assume a strong interconnection between
the Norwegian and European grids and are both used in
the analysis in this paper.

1.3. Photovoltaic modules and systems

To reach net zero energy or emission balance, the use of
active solar energy solutions is often necessary to provide
electricity and heating. Heating can be generated directly
in solar thermal collectors, or by using solar electricity to
run a heat pump. Electricity is generated using photo-
voltaic (PV) modules.

Mono-crystalline silicon (Si-mono) and polycrystalline
silicon (Si-poly) PV modules together account for about
85% of the PV market (EPIA, 2014). These are mature
and robust technologies, with efficiencies of commercially
available modules of about 11-22%. Technology develop-
ments and increased efficiency have made thin film mod-
ules, including amorphous silicon, CdTe (Cadmium
Telluride), CIS/CIGS (Cadmium Indium (Gallium) Sele-
nide) and organic solar cells, a viable alternative to crys-
talline silicon. Efficiencies range from 5% to 13% (EPIA,
2014). Thin film modules can be produced on different sub-
strates, can be made flexible, and can be less sensitive to
shading and overheating.

During their operation, PV systems generate nearly
emission-free electricity, but the production of the modules
is associated with a significant amount of embodied emis-
sions. A thorough overview of life cycle assessments
(LCA) of several PV technologies was published by
Frischknecht et al. (2015a). In terms of embodied emis-
sions, Si-mono and Si-poly modules have the highest
impact, which to a large extent is due to production of
high-purity silicon. The technological development in the
PV industry has been substantial in the last decades, and
the efficiencies of PV modules have increased. As
Frischknecht et al. (2015a) point out, the publicly available
data on PV module production does not always mirror the
current situation. As an example, a typical crystalline solar
cell is now significantly thinner than a decade ago, and the
process chain for silicon for the solar industry has become
more efficient (Peng et al., 2013). For crystalline silicon
modules, there is a 30-40% decrease in greenhouse gas
emissions reported from 2006 to 2009, and a corresponding
decrease of 30% for CdTe thin film (Frischknecht et al.,
2015a).

In addition, the production of PV modules has to a large
extent moved from Europe to Asia in the last decade. The
influence of the country of production on the embodied
emissions of PV modules has been studied by Yue et al.
(2014), who found that crystalline silicon PV modules pro-
duced in China had a 28-48% higher primary energy
demand compared to modules produced in Europe.

1.4. Scope of the paper

This paper presents a study of how the emissions bal-
ance of a building is influenced by the design of the PV sys-
tem. A nZEB residential building model, developed by the
ZEB Centre and further described in Section 2.1, is used as
a case study. In the analysis of the building model by
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Houlihan Wiberg et al. (2014), it was found that the PV
modules accounted for 29% of the embodied emissions
from the materials — a significant amount. The work pre-
sented here aims to analyse if and how this share can be
decreased. The objective is to find a balance between high
energy output and a low environmental impact. The focus
in this study is only on the greenhouse gas emissions con-
tribution to the global warming potential at 100 years
(GWP100), as defined by the IPCC (IPCC, 2013). Four dif-
ferent PV technologies (Si-mono, poly-Si, CIS, and high-
efficiency Si-mono), four installation designs, and two grid
mixes are evaluated in terms of embodied emissions and
energy performance. The emissions balance, greenhouse
gas payback time (GBPT), and greenhouse gas return on
investment (GROI) of the building are calculated for each
of the alternative systems.

2. Method
2.1. The case building

In practice, only a coherent set of measures can lead to
the achievement of a net zero emission balance for a build-
ing. The need to study the influence of these measures has
led the ZEB Centre to investigate a number of nZEB mod-
els. The building models are based on current available
technology, and thus reflect today’s practices in the con-
struction sector. The models are designed using the nZEB
definition by Dokka et al. (2013). A detailed calculation
of the embodied emissions of the materials in the building
was performed in order to identify the key materials and
components that contribute the most to the embodied
greenhouse gas emissions (Houlihan Wiberg et al., 2014).

The analysis presented in this paper is based on the ZEB
model for a single-family residential house (Fig. 2) which is
further described in Houlihan Wiberg et al. (2014). It is a

Fig. 2. The ZEB residential building model (Houlihan Wiberg et al.,
2014).

two-storey detached house with a heated floor area, 4,
of 160 m?, located in Oslo in Southern Norway. The con-
cept is solar-based: a well-insulated building envelope is
combined with solar fagade-mounted thermal collectors
and an air-to-water heat pump to cover the heating needs,
while a roof-mounted and grid-connected photovoltaic
(PV) system generates enough electricity to reach the zero
energy balance. The heating system is connected to a com-
bined tank which provides both domestic hot water
(DHW) and space heating. This means that the only form
of delivered energy to the building is electricity. The total
annual energy demand of the building is simulated to
70 kW h/m> and the total annual electricity use to
39 kW h/m? (Houlihan Wiberg et al., 2014).

The operational and avoided emissions are calculated
based on the energy that is used at the location of the build-
ing (and which is replaced by the on-site generation), i.e.
the grid electricity. Symmetric factors for import and
export are used. The distribution of operational emissions
of the building, amounting to a total of 5.1 kg CO,
eq/m? Ay year calculated using the ZEB ultra-green grid
emission factor, is shown in Fig. 3. Using the current
EU grid emission factor, the operational emissions are
13.9 CO, eq/m? A year.

The embodied emissions of materials, excluding the PV
system, were calculated to 5.0 kg CO, eq/m> Ay year when
divided over the 60 year lifetime of the building. The distri-
bution is shown in Fig. 4. It can be noted that for the ZEB
ultra-green scenario, the embodied and operational emis-
sions are almost equal.

2.2. PV system design

The orientation of a PV system is defined by the tilt
angle (the angle between the PV plane and the horizontal)
and the azimuth (the orientation in the compass plane). In
Oslo, the optimal tilt angle for yearly yield is around 40°.
The reference building has a flat roof, where the PV mod-
ules are installed in rows. For modules installed with a high

Emissions from operatizon (ZEB factor)
(kg CO, eq/m* year)

M Heat pump system
m Solar heating system
® Fans & pumps

u Lighting

= Appliances

Fig. 3. The building’s operational emissions calculated using the ZEB
ultra-green grid emission factor (0.132 kg CO, eq/kW h) as simulated in
Houlihan Wiberg et al. (2014).
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Fig. 4. The embodied emissions of the building (excluding the PV system)
as calculated by Houlihan Wiberg et al. (2014).
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tilt angle, a large distance between the rows is necessary to
avoid self-shading. This is especially important at high lat-
itudes with low sun angles.

There are in practice two alternative installation strate-
gies: the modules can be mounted at the optimal tilt angle
and spaced with enough distance to avoid shading, or they
can be installed at a lower-than-optimal tilt angle, but clo-
ser together. In the latter case, the modules may also be
installed with two orientations, which increases the number
of modules that can be installed.

The roof area of 80 m” was set as the design boundary
condition for the systems. It is assumed that the total roof
area is available for PV and that there are no shading
objects such as chimneys or pipes. Four alternative designs
for the installation were developed, and an overview is
shown in Table 1 and Fig. 5.

The rows of modules are spaced with enough distance to
avoid self-shading at the sun height at noon in the middle
of February (15°) or higher. Since the insolation at times
with lower sun angles (November to February) accounts
for only about 2-8% of the annual insolation, this is seen
as a reasonable compromise.

The details of each simulated case are presented in
Table 4. The rows of modules are assumed to be one mod-
ule high and equally spaced over the length of the roof. As
many modules as possible were designed to fit in each row.
Each of the design options A-D was simulated with the

four different PV technologies Si-mono, poly-Si and CIS.
Due to the different dimensions and number of the mod-
ules, the size of the system are slightly different for each
technology.

The crystalline silicon modules are mounted in a land-
scape orientation to make best use of the three bypass
diodes in the modules. Shading of the lower edge, for
example from snow build-up, will thereby have a limited
influence on the output power. The thin film modules, on
the other hand, were placed in vertical orientation since
this limits the effects of shading for this technology. The
details for the rest of the system design (e.g. string layout
and choice of inverter) have been kept as similar as possible
between the alternative designs.

The energy performance of the PV systems was evalu-
ated using the simulation software PVsyst v5.73 (PVsyst
SA, 2011) together with Meteonorm meteorological data
for Oslo (Meteotest, 2009). The annual irradiation on a
horizontal surface in Oslo is around 1000 kW h/m?.

2.3. Embodied emissions of PV modules

Emissions data is extracted from the Ecoinvent database
v.3.1 (Swiss Centre for Life Cycle Inventories, 2013). The
selected modules are chosen to represent the ‘best match’
to the average in performance of each PV technology,
available on the market. Average industry efficiency values
from 2012 are used, as presented by de Wild-Scholten
(2013). Commercial modules matching these are used in
the simulation of the energy performance. The characteris-
tics of the selected modules are shown in Table 3. As a
point of comparison, the high-efficiency Si-mono module
from SunPower that was used in the original study by
Houlihan Wiberg et al. (2014) is also analysed. The GWP
value for this module is taken from a life cycle assessment
presented in Fthenakis et al. (2012).

The expected lifetime of the modules is set to 30 years,
with a linear annual degradation of 0.7% in line with the
value suggested for mature technologies in the Methodol-
ogy Guidelines on Life-Cycle Assessment of Photovoltaic
Electricity, developed by Fthenakis et al. (2011). (Since
the producer warranty of the CIS modules is the same as
for the silicon modules, the same degradation factor has

Table 1

Design options for the PV system on the flat roof.

Design Azimuth of Tilt angle of Description

modules modules (°)

A South 40 Optimal tilt angle and orientation for Oslo. This high tilt requires large row spacing to avoid mutual
shading. High energy output for each module, but a low number of modules can fit on the roof.

B South 15 Lower tilt angle to reduce the required row spacing. Lower yield per module but more modules can fit
on the roof.

C South/North 15 A development of design B, where north-facing modules are added in the space between the south-
facing modules. More modules can fit on the roof but the north-facing modules will have a lower
output.

D East/West 15 The same low tilt angle as in C, but modules oriented east/west. The advantages of low self-shading

are the same as in C, but output is shifted towards autumn and spring.
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A
C

B
D

Fig. 5. Design options A to D. Images from PVsyst (PVsyst SA, 2011).

Table 2
Detailed data for the design options using different PV technologies.

Design PV technology Total no of modules Total module area (m?) Total power (kW)
A Si-mono 18 30.4 4.6
A Si-poly 18 29.7 43
A CIS 20 24.6 2.9
A Si-mono (high-eff) 18 29.4 6.0
B Si-mono 24 40.5 6.1
B Si-poly 24 39.6 5.8
B CIS 30 36.8 44
B Si-mono (high-eff) 24 39.1 8.0
C Si-mono 42 70.9 10.7
C Si-poly 42 69.3 10.1
C CIS 50 61.4 7.3
C Si-mono (high-eff) 42 68.5 14.0
D Si-mono 35 59.1 8.9
D Si-poly 28 46.2 6.7
D CIS 48 58.9 7.0
D Si-mono (high-eff) 35 57.1 11.7
Table 3

Characteristics of the three PV modules used in the simulations: the module dimensions are taken from producer data sheet and the emissions data from
Ecoinvent database (Swiss Centre for Life Cycle Inventories, 2013; Fthenakis et al., 2012).

PV technology Module area (m?)

Rated power (W)

Efficiency (%) Embodied emissions per m” of

module (kg COseq/m?)

Si-mono 1.69 255
Si-poly 1.65 250
CIS thin film 1.23 145
Si-mono (high-efficiency) 1.63 333

15.1 278
14.7 213
11.9 134
20.4 281

been used, even though it can be argued that the technol-
ogy is less mature.)

The balance of system (BOS), i.e. the materials used for
the supporting structures and components such as invert-
ers, controlling units and cabling, have not been included
in the emissions analysis. This simplification is supported
by the results from Fthenakis et al. (2011) which showed
that the modules are by far the largest emission
contributors.

2.4. Replacement of PV modules

Since the lifetime of the PV modules is assumed to be
30 years — half of the expected building lifetime — the sys-
tem needs to be replaced once. Since prediction about the
future developments in PV module production technology
is difficult, we have chosen to use a future scenario where
all systems are replaced by the same types of modules after
30 years. (The design options A-D are the same for the
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whole 60-year period.) The future scenario was developed
by Kristjansdottir et al. (2016) based on work by
Frischknecht et al. (2015b) and Fthenakis et al. (2012).
The future modules are assumed to have an efficiency of
25.2%, an expected lifetime of 30 years, and degradation
equal to the current SunPower modules. The emission fac-
tor is estimated to be 100 kg CO, eq/m>. The energy yield
of the future systems are calculated in a simplified way
based on efficiency, performance ratio, and irradiation.

2.5. Net emission balance

The net emissions of the PV modules, E,.py (kg CO, -
eq) are calculated according to Eq. (1), where E,pideqi
(kg CO, eq/year) are the avoided emissions due to renew-
able energy generation during year i, and, E,,podicary
(kg CO, eq) are the emissions embodied in the modules
themselves. This is calculated over the whole lifetime,
Npy (years), of the modules.

Npy

E:zetPV = § Eavoidedj - EembodiedPV (l)
i

The net emission balance of the building, E,., (kg CO; eq)
is calculated in an analogous way according to Eq. (2),
where the total embodied emissions of the building materi-
als E,,.pouea (kg CO,eq/year) and the operational emis-
sions of the building are taken into account. While the
factor E,..py 1s a measure of the net emissions impact of
each PV technology, the factor E,,, describes how the dif-
ferent PV technologies effect the emissions balance of the
building. The factor E,. must therefore be regarded
together with information on the building energy demand.

N
Enel = § Eavaided,i - E?mbodied - Eapemn'on (2)
i

Replacement of materials is included in the embodied
emissions, and N (years) is the lifetime of the building. A
net zero emission balance is reached if E,,,, is zero or larger,
i.e. if the generation meets the demand. E,,, is presented in
the results section normalized per heated floor area and
year (m? Ap year).

2.6. Greenhouse gas payback time and greenhouse gas return
on investment

The greenhouse gas payback time (GPBT) is the number
of years of operation it takes the PV modules to generate
enough renewable electricity to offset the emissions caused
by their production (Reich-Weiser et al., 2008). GPBT is
calculated as shown in Eq. (3), where E,,podicarr (kg CO5 eq)
is the total embodied emissions of the technology and
Esoided year (kg COeqfyear) is the emissions that are
avoided per year due to the replacement of grid electricity
(the average value over the 30 year lifetime of the modules
is used here).

Eem odie
GPBT = —<nbodied?’. 3)

avoided year

The impact of different technologies and products can
also be assessed using the greenhouse gas return on invest-
ment (GROI), first introduced by Reich-Weiser et al.
(2008). GROI is calculated as the lifetime of the technology
divided by the GPBT. The GROI is a dimensionless num-
ber, analogous to the metrics economic return on invest-
ment (ROI) and energy return on investment (EROI). A
GROI below 1 indicates that the technology does not bring
about a net reduction in emissions. Neither GPBT nor
GROI is a measure of the energy generated by the PV mod-
ules in absolute terms; a high GROI can either be the effect
of a low embodied emissions or a high energy output.

It should be noted that the factors E,,,, refers to a partic-
ular building, the GBPT and GROI only concern the PV
modules, and are therefore independent of the building
energy demand.

3. Results
3.1. Energy yield

The annual simulated energy output of the systems is
shown in Fig. 6, together with the annual electricity need
of the building. Only the modules used during the first
30 years are shown. The Si-mono modules (high-efficiency
and average) have the highest yield for all design options.
Design C has the highest energy yield for all module types,
which is a direct reflection of the size of the systems (see
Table 2). All module technologies in the C and D designs
generated more electricity than the annual electricity need
of the building.

The influence of orientation and tilt angle is shown in
Fig. 7 using Si-mono modules as an example (the trend is
the same for all technologies). The modules installed at
40° and south facing (optimal angle at the location) have
around 40% higher yield than the modules installed at
15° tilt and north facing.

80
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® Si-mono
50

u Poly-Si
40

mals
30 TEm- W W %+ Si-mono high-eff.
20 # Electricity need
10 H —] — —] —
o M I W WM 7
A B c D

Fig. 6. Annual simulated energy yield per heated floor area for different
systems. The annual electricity demand of the building is shown for
comparison.
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Fig. 7. Specific energy yield (kW h/kW,,) for Si-mono modules installed at
different orientation and tilt angles.
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Fig. 8. Monthly yield per installed PV area (kW h/m?) for the Si-mono
modules in the four different design options.

The monthly energy yield of the four system options are
shown in Fig. 8, and are normalized per installed PV area.
The Si-mono modules are used as an example. The summer
peak is very prominent for all design options, but it is high-
est for option B with only south-facing modules at 15°. The
optimally inclined modules have a lower yield in the sum-
mer, and a higher yield during autumn to spring. The
north/south facing option C, and east/west facing option
D have the lowest yield per installed area for all months.

3.2. Embodied and avoided emissions

The embodied emissions of the different PV installations
are shown in Fig. 9, for both the original and future mod-
ules. The embodied emissions of design C are highest, since
this is the largest system by area. The embodied emissions
of both types of Si-mono modules are significantly higher
than those of CIS modules, while Si-poly modules lies
somewhere in between.

The net avoided emissions, as calculated in Eq. (1) are
shown in Fig. 10 over the full 60-year building lifetime.
In this graph, each design and module type includes both
the original and future modules. The net avoided emissions
are largest for system C with both types of Si-mono mod-
ules, i.e. the largest system with the most efficient modules.
For all module types, it is lowest for the optimally inclined

4.5
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3.0
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2.0 4
1.5 4
1.0 4
0.5 1
0.0 +

Embodied emissions
(kgCO,eq/m A, year)

m Si-mono

= Si-mono high.eff
u Si-poly
u CIS

Future scenario

Fig. 9. Embodied emissions of the different PV modules for the functional
unit 1 square metre heated floor area per year (kg COZeq/m2 Ap year). The
embodied emissions of the original and future modules are shown
separately.

system A, which is also the smallest installation. The net
avoided emissions are also significantly higher when calcu-
lated with the current EU grid factor, since the replaced
energy in this case would have been the cause of higher
emissions.

The emissions rate (kgCOoeq/kW h) is calculated based
on embodied emissions and energy yield of the systems.
This number is directly comparable to the electricity grid
emission factor. The emissions rate of the systems are
0.045-0.055 kgCOzeq/kWh for the Si-mono modules,
0.036-0.044 kgCO,o/kWh for the Si-poly modules,
0.030-0.037 kgCO1eq/kW h for the CIS modules and
0.034-0.042 for the mono-Si high-efficiency modules.

3.3. Greenhouse gas payback time and greenhouse gas return
on investment

The GPBT for all systems are well below the lifetime of
the modules. In the ZEB ultra-green grid, the GPBT of the
systems range from 10 years (CIS, design A) to 20.4 years
(Si-mono, design D). The larger systems (C and D) have
longer GPBT than the smaller systems (A and B). The
GPBT in the current EU grid is significantly shorter; the
GPBT of the systems range from 3.7 years (CIS, design
A) to 7.5 years (Si-mono, design C). The future modules
have GPBT of 3.7-4.5 years in the ZEB ultra-green grid
and 1.3-1.7 years in the current EU grid.

The GROI of the systems are shown in Fig. 11. The
GROI is generally largest for the system with CIS modules,
and for system A with the optimal orientation.

3.4. Net emissions balance of the building

The resulting net emissions balance (ZEB-OM ambition
level), E, ., for the complete building is calculated for each
of the PV system alternatives, using Eq. (2). As shown in
Table 4, four systems reach a balance when the current
EU grid factor is used: the Si-mono, Si-poly and Si-mono
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Fig. 10. Net avoided emissions of the different PV installations for the functional unit 1 square metre heated floor area per year (kg COzm/m2 Ay year),
calculated using the ZEB grid factor and the EU grid factor. The original and future modules are included in each design.
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Fig. 11. The GROI of the PV installations, calculated for ZEB grid factor and EU grid factor.

high-efficiency modules in design C, as well as the Si-mono
high-efficiency modules in design D. None of the systems
reach a net zero emission balance if the ZEB ultra-green
grid factor is used.

A simplified calculation was performed to determine the
PV module areas that would have been required to reach
net zero emission balance. To reach a net zero emission
balance with design option D in the ZEB ultra-green grid
scenario, the required module area ranges from 85 m? for
the mono-Si high-efficiency modules to 104 m? for the
CIS modules, The lowest module areas (68-84 m?) are
required for design option A, due to the better specific yield
of the modules, but on a flat roof this solution would
require a much larger roof area to avoid self-shading.

The value of E,,, is a function of the embodied emissions
of the PV system as well as the energy yield. It also depends
strongly on the operational emissions and the grid emission
factor. Two examples of this dependence, system C with Si-
mono modules and CIS modules, are shown in more detail
in Fig. 12. While nZEB-OM level is only reached for the

Table 4

system with Si-mono modules in the current EU grid
(lower right), it can be noted that nZEB-O level, which
includes only operational emissions, is reached for all the
systems shown in Fig. 12.

The PV modules in system A accounted for 11% (CIS),
16% (Si-poly) and 19% (Si-mono, both types) of the total
embodied emissions of the building, while the modules in
system C accounted for 24%, 31% and 35% respectively.
That is, the system that led to the largest net avoided emis-
sions itself accounted for about a third of the embodied
emissions of the building.

4. Discussion

The results of the analysis presented here give a compos-
ite answer to the question of which system technology and
design has the lowest environmental impact in terms of
greenhouse gas emissions. It is concluded that there is no
connection between having a short payback time in terms
of emissions and reaching a net zero emission balance.

The net emissions balance E,., (ZEB-OM ambition level) for each of the buildings over the full 60 year lifetime of the building.
The colour scale from red to green indicates the worst to the best system in terms of net emission balance.

E,., (kg COseq/m’ A year)

ZEB ultra-green grid

Current EU grid

Si-mono Si-mono
Si-mono Si-poly CIS high-eff. Si-mono Si-poly CIS high-eff.
A -7.1 -6.9 -7.1 -6.5 -7.3
B -6.5 -6.3 -6.4 -5.8 -4.7
C -4.9 -4.4 -4.6 -3.8 -
D -5.8 -5.7 -5.5 -4.4
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Fig. 12. The net emission balance for buildings with two of the PV technologies, CIS (top row) and Si-mono (bottom row). The operational and avoided
emissions are calculated with the ZEB ultra-green grid emission factor (left column) and with the current EU grid emission factor (right column).

The emission rate and the greenhouse gas payback time
(GPBT) are lowest, and greenhouse gas return on invest-
ment (GROI) highest, for the thin film modules. However,
the modules that contribute the most to the net emissions
balance of the building are the high efficiency Si-mono
modules, even though they are associated with the highest
embodied emissions and GPBT.

The optimally inclined design A had the highest perfor-
mance in terms of kW h/kW), for all the modules, as well as
the lowest emission rate and GPBT. Nevertheless, design
C, with the largest number of modules, resulted in the high-
est net avoided emissions. As a total system, design C for
both types of Si-mono modules has the highest total yield.
However, the benefit of increasing the systems’ size by
mounting modules with north-facing orientation, as is
done in design C, can be questioned. The yield of the
north-facing modules in this system was only around
70% of the optimally inclined ones and the GPBT of these
modules were up to 23.9 years for the Si-mono technology
with ZEB ultra-green grid mix.

About half of the PV system combinations reach the
ZEB-O level, but only the largest installations reach the
ZEB-OM ambition level, showing that this is very demand-
ing to achieve. The systems with high-efficiency modules
reach ZEB-O in design B, C and D, but not in design A.

The analysis presented in this paper involves a number
of simplifications, generalisations and uncertainties. The
embodied emissions of the PV modules (except the Si-
mono high-efficiency modules) use generic data from the
Ecoinvent database (Swiss Centre for Life Cycle
Inventories, 2013). Some of the data is relatively old, in
some cases dating from 2001. As mentioned in Section 1.3,
there has been a substantial change in the PV industry in

this time, and the validity of the data can therefore be
questioned.

Another uncertainty that has a large influence on the
results is the choice of electricity grid factor for the location
of the installation. The net positive effect of installing a PV
system in terms of reduced CO,.q emissions depends to a
high degree on the electricity it replaces. An installation
in a location where the grid mix has a large share of fossil
energy leads to a larger reduction than the same system
with amore renewable energy mix. Due to the changes in
the sun path over the year, the difference between summer
and winter yield of PV systems is significant at high latitude
locations such as Norway, as shown in Fig. 8. On an
annual scale, the yield is also mismatched with the energy
demand, which is higher in the winter. The design of the
PV system can be used to mitigate this to some degree, as
different orientations will favour energy output during dif-
ferent parts of the year. As Fig. 8 shows, the higher tilt
angles decrease the summer yield, but increase the yield
during the rest of the year. To avoid a large mismatch dur-
ing summer, it could be feasible to install PV systems ver-
tically on building facades.

As described in Section 1.2, the import/export balance
of the Norwegian power system varies over the year, as
do the emissions related to marginal power. The amount
of the avoided emissions from solar electricity is in reality
not constant over the year, which means that the load
matching of the PV yield and the building energy need will
influence the amount of avoided emissions. The intra-
annual variability of the grid factor was not considered
in this study, but should be included in future analyses.

In addition to the analysis of global warming potential,
as presented here, a full LCA would also take into account
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other environmental impacts, such as the use of toxic mate-
rials. We are also excluding the BOS from the study. Other
publications have reported that the BOS has a minor
impact of the life cycle emissions of a PV system compared
to the modules themselves, but a preliminary analyses by
Kristjansdottir et al. (2016) show that this is highly depen-
dent on the type of installation used. In addition to the
emission data, there are of course also uncertainties related
to the energy performance simulations.

Finally, the importance of reaching a zero emission bal-
ance for a single building can be questioned. As this anal-
ysis has shown, a relatively large PV installation is required
for a single building to reach net zero emission balance,
which leads to periods of large export and import to the
electricity grid. This, in turn, may require new or improved
grid infrastructure. It may be more efficient, as well as
cheaper, to install grid connected renewable energy sources
at a local or regional level. Wind power plants, for exam-
ple, are significantly more efficient on a larger scale than
at individual buildings. On a larger scale, an increased
share of renewable energy sources has been shown to
increase the system stability of the grid (Sovacool, 2009).
Recently, much of the research focus on zero emission con-
cepts has shifted towards zero emission neighbourhoods,
where the combination of buildings with different energy
demand profiles can result in a more balanced energy
demand on a neighbourhood scale. Furthermore, the opti-
mum between on-site, nearby and off-site renewables is still
an open question for the Norwegian research community.

5. Conclusions

An analysis of different PV installations for a Norwe-
gian nZEB concept building has been presented. Four dif-
ferent PV technologies (Si-mono, Si-poly, CIS and Si-mono
high-efficiency) and four design options have been analysed
based on net avoided emissions, emission rate, greenhouse
gas emission payback time (GPBT), greenhouse gas return
on investment (GROI), and finally net emission balance of
the whole building. Two grid emission factors were used:
one assuming a significant de-carbonization of the EU grid
here referred to as the ZEB ultra-green scenario with 0.132
kgCOZeq/kW h, and the current EU grid emission factor of
0.361 kgCO5eq/kW h.

The systems in design A, with optimally inclined and
oriented modules (40° south-facing), had the lowest emis-
sion rate and GBPT, and the highest GROI for all module
types. Nevertheless, only the largest systems reached a net
zero emission balance with ambition level nZEB-OM (sys-
tem designs C and in one case D). These systems also had
the highest amount of embodied emissions (up to 35% of
the total embodied emissions of the building), and the low-
est energy yield per module. The calculations with two grid
emission factors also showed that the value of a PV instal-
lation is more evident if the grid electricity it replaces is
more carbon-intensive. None of the systems reached a zero

emission balance when using the ZEB ultra-green grid
emission factor.
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Abstract

Greenhouse gas (GHG) emissions from the combustion of fossil energy need to be reduced to combat global climate change. For zero
energy and Zero Emission Buildings (ZEB), photovoltaic solar energy systems are often installed. When the goal is to build a life cycle
Zero Emission Building, all emissions come under scrutiny. Emissions from photovoltaic (PV) energy systems in Zero Emission Buildings
have been shown to have a relative large share of material emissions. In this paper, we compare GHG emissions per kW h of electricity
and greenhouse gas emission payback times (GPBT) for three residential PV systems in Zero Emission Pilot Buildings in Norway. All the
buildings have roof mounted PV systems with different design solutions. The objective is to analyse the emission loads and GPBT of these
three systems to facilitate for more informed choices of energy systems for Zero Emission Buildings. The results show that the total
embodied emissions allocated per square meter of module area are around 150-350 kg CO, eq/m? for the three different systems. Emis-
sions from the mounting systems vary from 10 to 25 kg CO, eq/m? depending on the material types and quantities used. When modules
replace other roofing materials, such as roof tiles, mounting emissions were reduced by approximately 60%. GHG emissions per kW h
electricity produced were in the range of 30-120 g CO, eq/kW h for the different systems. The system with the lowest emissions was the
largest system, which had a simple mounting structure and modules with reused cells. It was found that the GPBT was strongly depen-
dent on the scenario used for electricity grid emissions. By applying a dynamic emission payback scenario with an optimistic reduction of
emissions from the European electricity grid, the GPBT was 3-8 years for the different systems. When comparing the emissions with cur-
rent Norwegian hydropower emissions, of around 20 g CO, eq/kW h, it was found that all of the PV system’s emissions were higher.
When compared to a mainly fossil fuel based grid, all the PV system’s emissions are low. This study highlights the importance of reliable
emission documentation for PV modules and their mounting structures on the market.
© 2016 Elsevier Ltd. All rights reserved.

Keywords: Zero Emission Buildings; Building integrated photovoltaics; Embodied emissions; GPBT; PV system design

1. Introduction

The building industry accounts for approximately one
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Zero Emission Buildings have emerged. The revised direc-
tive on energy performance of buildings requires that all
new buildings should be ‘nearly zero energy buildings’ by
2020 (European Parliament, 2010). According to Peterson
et al. (2015) zero energy building is defined as “An
energy-efficient building where, on a source energy basis,
the actual annual delivered energy is less than or equal to
the on-site renewable exported energy”. Photovoltaic solar
energy systems are the most common energy source
installed in zero energy buildings (Voss and Musall,
2011). Dokka et al. (2013) presents a definition for Norwe-
gian zero emission greenhouse gas buildings. The concept
of a Zero Emission Building is similar to zero energy build-
ings, except it uses emissions of CO, equivalents as the bal-
ancing indicator instead of primary energy (Sartori et al.,
2012). A zero greenhouse gas building (Zero Emission
Building — ZEB) can also be referred to as a zero carbon
building, ZCB (Hui, 2010). The definition of Zero Emission
Buildings (ZEB) presented by Dokka et al. (2013) includes
different ambition levels depending on which emissions are
included and compensated for. Two fundamental levels are
the “ZEB-O” level, which aims to balance out all opera-
tional emissions (O) from energy use, and the “ZEB-
OM?” level, which aims to compensate for both operational
emissions (O) and material (M) emissions. Material emis-
sions can also be referred to as embodied emissions. A life
cycle zero energy concept has also been introduced by
Ramesh et al. (2010) and Cellura et al. (2014). The relative
share of embodied energy compared to operational energy
is higher in zero energy buildings compared to conven-
tional buildings (Cabeza et al., 2014) (Chau et al., 2015).
Life cycle GHG analysis of two Norwegian ZEB concept
buildings aiming for the ZEB-OM level is presented in
Georges et al. (2015). In order to take the first steps from
theoretical concept buildings to real-life pilot buildings,
three residential Zero Emission Pilot Buildings have been
built in Norway. These are the Skarpnes case study with
a ZEB-O ambition level, and the Multikomfort and Living
Lab buildings both with ZEB-OM ambition levels. Previ-
ously, material emission accounting for both of the ZEB-
OM npilot buildings have been performed (Kristjansdottir
et al., 2016; Inman and Wiberg, 2015). The studies showed
that the PV systems were a large contributor to embodied
emissions for both cases, confirming the results from the
concept studies (Good et al., 2016; Wiberg et al., 2014;
Georges et al., 2015). In these analyses the PV system emis-
sion accounting were simplified. Since the PV systems con-
tribute largely to the material emissions in Norwegian
ZEBs, it is important to know more about these systems
and different emission loads. Can these emissions be
reduced? What are the emissions per kW h produced?
What are the building integration benefits? And what is
their greenhouse gas payback time (GPBT) in years?

The objective of this study is to analyse greenhouse gas
emissions from these three PV systems installed in Norwe-
gian ZEB pilot buildings. Further, the goal is to look into
their GPBT with different electricity grid emission scenar-

ios. Increased knowledge on emission profiles for different
PV systems suitable for Norwegian dwellings will facilitate
more informed choices on energy systems for Zero Emis-
sion Buildings. The PV systems installed differ in terms of
type of modules used, the roof mounting system, geograph-
ical location and design. In Norway, there is limited expe-
rience with photovoltaics, and there are no standardised
solutions for integrating PV modules into roofs. In general,
learning from PV pilot systems with regards to mounting
solutions, module choices and emissions pay back times,
can improve future installations. To follow, we provide
an overview of the status of life cycle assessments of PV
systems, and provide an introduction to roof integrated
PV systems. We then provide a description of the applied
method and present the three case studies. Subsequently,
we present the results, and discuss and interpret our
approach. Finally, we present some concluding remarks.

1.1. Life cycle assessment

Life cycle assessment is divided into four main steps:
goal and scope definition, inventory analysis, impact
assessment, and interpretation. Life cycle assessments often
include a sensitivity analysis of important parameters (ISO,
2006). The basic steps of a life cycle assessment for a pho-
tovoltaic system are presented in Fthenakis and Kim
(2011). The raw material inputs and manufacturing of PV
modules have been well documented through various life
cycle assessments (Alsema and de Wild-Scholten, 2006;
Jungbluth, 2005; Jungbluth et al., 2009, 2012; Fthenakis
et al., 2011; NREL, 2012). However, according to Peng
et al. (2013), life cycle assessments of installed/operating
PV systems are limited. In order to increase the compara-
bility, transparency and credibility of the life cycle assess-
ment of photovoltaic  electricity, methodological
guidelines have been developed by Fthenakis et al
(2011). Fthenakis and Kim (2011) conclude that the emis-
sions and energy payback times of PV modules are heavily
dependent on the type of electricity used to produce the
modules. The global PV market share is dominated by
China and Taiwan (ISE, 2014). A comparative study of
the carbon footprint of PV module production in China
and Europe was carried out by Yue et al. (2014). The study
revealed that modules produced in China have almost dou-
ble the emissions compared to modules produced in Eur-
ope, with emissions of around 72 gCO,eq/kW h and
37 g CO, eq/kW h respectively (for mono-Si modules).
This difference is mostly due to the fact that the emission
intensity of electricity production in China is significantly
higher than in Europe. Yue et al. (2014) apply irradiation
levels of 1700 kW h/m?y and a performance ratio of
0.75. In contrast, documentation of Norwegian produced
PV modules has shown that there is a significant benefit
from using renewable hydropower in the production of sil-
icon solar modules (Glockner and de Wild-Scholten, 2012).
Prospective studies of the life cycle primary energy use of
PV modules have been presented in Frischknecht et al.
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(2015), Bergesen et al. (2014) and Mann et al. (2014).
These studies highlight the expected reduction of material
use, as well as expected increases in the efficiencies of PV
modules.

1.2. Integrated roof mounting solutions for PV modules

PV systems may be integrated into building facades or
roofs, or may be roof mounted. The three cases studied
herein, all have roof mounted PV modules. In building
integrated photovoltaic (BIPV) systems, the PV modules
are used as part of the building envelope or any other
architectural element that is necessary for the proper func-
tioning of the building (SUPSI, 2015). Hence, the PV mod-
ules are replacing traditional parts of the building
envelope, e.g. the roofing. A BIPV module can therefore
not be removed without damaging the physical functions
of the building envelope. Integrated systems present possi-
ble cost and material savings, as the modules are serving
dual purposes (Jelle et al., 2012). Other roof mounting
solutions on the market includes semi-integrated PV sys-
tems, sometimes referred to as in-roof systems. These solu-
tions are designed to mount PV modules in line with the
roof surface, in order to be visibly integrated in the existing
roof.

2. Materials and methods

The life cycle approach used is an attributional
approach, focuses on the documentation of greenhouse
gas emission burdens from the different life cycles of the
PV system. The environmental impact category assessed
is global warming potential (GWP) and is based on the
IPCC GWP (2007) and IPCC (2013) 100-year method,
measured in kg CO, equivalents (IPCC, 2007, 2013). This
assessment follows the methodological guidelines devel-
oped by Fthenakis et al. (2011) for the selection of func-
tional unit and service lifetimes. The module degradation
is calculated using values given by the producers.

2.1. Goal, scope and functional unit

The goal of the assessment is to analyse and compare the
different systems with respect to the GHG emission burden
per kW h of produced electricity and the greenhouse gas
payback time (GPBT) in years. The functional unit is “an
averaged kW h of electricity produced per square meter
of module area from the systems over a period of 30 years.”
Life cycle stages include: production of raw materials,
manufacture of components, transport to the building site,
manufacture of replaced components and simulated energy
production with degradation over the service lifetime.
Emissions associated with energy used during the installa-
tion of the systems are not included, as these emissions
are considered to be similar across the different systems.
The embodied emissions are calculated according to
Eq. (1):

C02 €embodied = COZ € modules + COZ eqmounting
+ CO, €electric T CO, € ransport (1)

Here, the parameter CO» €qempodiea includes the embod-
ied emissions that have gone into the production of the PV
modules, the mounting structure, the electric installations
(e.g. inverter and cabling) and transport. The transport sce-
nario includes transport to the building site. Fig. | presents
the scope of the analysis. The scope is divided into two
main phases based on an estimates service lifetime of
30 years for the PV modules. The first phase, the initial
30-year scenario analysis is based on specific information
from the case studies, and then a simplified generic future
scenario is used for the replaced system in 30 years time.
The end of life stage is not included, as it does not affect
the emissions occurring in the next 30 years. In addition,
waste treatment of PV modules in the future is highly
uncertain.

2.2. GHG payback time

The term GHG payback time (GPBT) is defined as the
number of years it takes for an energy generation system
to “pay back” its embodied emissions through renewable
energy generation (Reich-Weiser et al., 2008). It is calcu-
lated according to Eq. (2), whereby (CO; eqavoided(year))
(kg CO, eq) are the emissions avoided per year due to
the production of electricity from the installation.
CO:3 €qavoided(year) 18 calculated by multiplying the annual
production with the average emissions per kW h per year
from the local grid.

CO, €Jembodied

GPBT =
CO, €Javoided(year)

(2)

2.3. Case descriptions

The three analysed PV installations in Norway are
shown in Fig. 2. The three buildings are pilot studies within
the Norwegian Research Centre on Zero Emission Build-
ings. All the buildings have low consumption of energy
for space heating due to highly insulated envelopes, and a
high heat recovery rate in the ventilation systems. The
energy target set for the PV systems studied states that they
should provide enough electricity on an average annual
basis to cover all electricity consumption of the buildings.
Details on the energy concepts for the three case studies
can be found in Dokka et al. (2015), Goia et al. (2015)
and Nord et al. (2016). For the Multikomfort building
and the Living Laboratory, the ambition was set to a
ZEB-OM level, whereby the PV systems were dimensioned
to provide electricity to compensate for the electricity use
from operation, and the embodied emissions from materi-
als over the 60 year service lifetime of the building. We do
not include the entire ZEB-OM balance calculations here,
but focus only on the PV systems performances. Selected
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Fig. 1. Scope of the analysis, the boxes illustrate what is included in the analysis, M refers to materials, Q refers to energy, and E refers to emissions. The
white area refers to the initial specific comparison applied for the first 30 years of the life time, whilst the grey area refers to a simplified generic scenario
applied for the last 30 years of the life time.
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Fig. 2. The roof mounted PV system design of the pilot buildings: (A) Multikomfort (Kristian Edwards, Snehetta), (B) Skarpnes (Skanska), and (C)
Living Laboratory (Katrine Peck Sze Lim).

information for the PV systems for each of the buildings is  2.3.1. Case A: Multikomfort

provided in Table 1. Table 2 shows details of the installed The Multikomfort case study is shown in Fig. 2A. Itis a
PV systems. The three case studies represent three different ~ two-story residential building completed in 2014. It was
roof mounting systems for the fixing of PV modules. built as a demonstration building for energy solutions for
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Table 1
Building specifications.

159

Description Unit A — Multikomfort B — Skarpnes C — Living Laboratory
Location - Larvik (59°12'N, 10°15E)  Arendal (58°25'N, 08°43'E)  Trondheim (63°25'N 10°24’E)
Annual average ambient temperature °C 8 8 5.7
Annual irradiation with optimal tilt angle kW h/m*> 1182 1182 1120
Annual irradiation on the tilted plane KW h/m?> 1057 1060 1091
Loss at current angle compared to optimal kW h/m?  11% 10% 3%
Year of construction year 2014 2015 2015
Heated floor area m? 202 154 102
Auvailable roof area m? 155 106 108
Roof orientation —45 (south-east) 51 (south-west) 0 (south)
Roof tilt ° 19 32 30
Ratio roof/floor area m*/m> 0.77 0.69 1.06
" Irradiation data from PVGIS (Institute for Energy — Renewable Energy Unit).
Table 2
Details of the three PV installations.
Description Unit A — Multikomfort B - Skarpnes C - Living Lab
Manufacturer - Innotech Solar (ITS) Sunpower REC
Type of module - Design Black 250 SPR-230NE-BLK-D REC260PE
Country of PV module production Sweden (modules) and The Philippines Singapore
Germany (cells)
Cell technology - Poly-Si Mono-Si (back-contacted) Poly-Si
Rated power per module Wp 250 230 260
Efficiency at STC" % 15.5 18.5 15.8
Module size m? 1.65 (1.665 x 0.991) 1.24 (1.559 x 0.798) 1.65 (1.665 x 0.991)
Weight kg 19 15 18
Number of modules - 91 32 48
Total module area m? 150 40 79
Total rated power kWp 22.75 7.36 12.48
Total weight of modules kg 1729 480 864
Inverter Schneider Electric 1 x SMA Sunny 2 x SMA Sunny Boy
Tripower 7000TL S5000TL 21-MS Basic
Number of strings 4 2 4
PV/inverter power ratio 1.15 1.05 1.36
Type of mounting system BAPV BIPV In roof (semi integrated)
Mounting system manufacturer K2 Systems Schweizer/Schweizer Renusol/InterSole SE

Place of mounting frame production
Battery storage

Leonberg, Germany

24, 42.3 kg Norbat, CFPV

Chemnitz, Germany
No storage

Cologne, Germany
No storage

2V 600 Ah, OpzV GEL, (China)

4 STC - standard test conditions: 1000 W/m?, cell temperature 25 °C and AM 1.5 spectrum.

plus energy buildings. The design of the house is based on
Saint-Gobain’s Multi-Comfort concept (Saint-Gobain,
2015). The focus of the concept is both on comfort issues
such as indoor air quality and daylight, as well as environ-
mental performance. The photovoltaic modules are from
Innotech Solar (ITS) (EcoPlus) and were chosen due to
their low carbon profile (Innotech Solar, 2015; ITS, 2012;
de Wild-Scholten, 2013). The PV system consists of 91
installed ITS modules. The PV system is grid connected
and mounted in a landscape orientation. There are no
shading objects in the immediate surroundings of the build-
ing. Energy storage is included in the form of a battery
bank, with the aim to increase the economic output of
the PV system. Previous LCA studies have documented
that batteries used in photovoltaic systems may contribute
significantly to GHG emissions. This is mainly due to the
manufacturing processes used, and the short lifetime of

batteries (Beccali et al., 2012, 2014). In order to compare
the three case studies upon the same technological basis
it was decided to exclude the batteries used in the Mul-
tikomfort house from the system boundary. A section of
the roof construction for the Multikomfort building is
shown in Fig. 3A and site pictures of the installation and
battery bank are shown in Fig. 3B and C. The PV modules
are not integrated in the roof, but are instead mounted on
top of bitumen felt. Both the PV modules and the mount-
ing structure can be removed without any impact on the
physical functions of the roof. The roof mounting system
is named K2 systems (Systems, 2015).

2.3.2. Case B: Skarpnes
The Skarpnes case study is shown in Fig. 2B. It is a two
storey single residential building available on the normal



160 T.F. Kristjansdottir et al. | Solar Energy 133 (2016) 155-171

(A)
1665 x 991 x 35mm photovoltaic panel
K2 module end clamp:
K2 speed rail 22 with speed
lock and rail connector
gutter-
—Z
flashing:
50 x 200mm timber
9mm storm plate—
timber framing
timber blockwork‘%
O
O
=i
(B)

K2 module middle clamp

with add-on
K2 speed clip:

\ﬁs}" 19mm plywood with roofing felt
/ 48 x 48mm counter batten

2 x 23 x 48mm batten

wind barrier

19mm roof underlay

500m roof joist with mineral wool insulation
36 x 48mm ceiling batten

vapour barrier

13mm gypsum board

©

Fig. 3. (A) Section of the roof construction adapted from Snehetta architects), (B) picture of the roof installation, and (C) battery ban.

housing market. Skanska is responsible for the energy con-
cept of the building. The building is located in the first zero
energy neighbourhood in Norway. The PV system consists
of 32 high efficiency modules from SunPower. The modules
are mounted in a landscape orientation in four rows on the
south-facing part of the pitched roof. The PV array is con-
nected in two strings to one inverter from SMA which is
communicating with the grid. There are no shading objects
in the immediate surroundings of the building. The instal-
lation is a fully building integrated PV system (BIPV). The
mounting solution used is Solrif®XL from Schweizer
(Schweizer, 2015). The BIPV installation on the Skarpnes
building does not cover the full area of the roof, but is inte-
grated in the upper part of the south facing side. The rest of
the roof is covered with traditional roof tiles. Hence, the

modules are substituting roof tiles in the areas they cover.
A section of the roof solution is shown in Fig. 4A, and site
photographs are given in Fig. 4B and C.

2.3.3. Case C: Living Lab

The Living Lab building is shown in Fig. 2C. The build-
ing is located on campus at the Norwegian University of
Science and Technology (NTNU) in Trondheim. The pur-
pose of the building is to be a “living laboratory” whereby
the performance of the building and its technology is
observed and measured, whilst the building is in operation
(i.e. when inhabited). The roof of the Living Lab has a saw-
tooth shape, and the PV installation is divided between the
two tilted roof areas (see Fig. 2C), each with 24 PV mod-
ules from REC Corp (REC, 2013). The PV installation is
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Fig. 4. (A) Section of the roof construction adapted from Roald Rasmussen at Skanska), (B) picture of the roof installation, and (C) end profil.

south facing with a 30° inclination. The southern-most roof
shades the lower part of the northern-most roof during a
relatively large part of the year. To minimize the impact
of shading as much as possible, the modules are divided
into two module strings (one upper and one lower). The
module strings are connected to two inverters from SMA
which feed into the grid. The roof construction of the Liv-
ing Lab is shown in Fig. 5A, and site pictures are shown in
Fig. 5B and C. The mounting structure replaces the roof-
ing, but the modules, which are mounted on top of a solid
board, can be removed without any impact to the building
physics. The system applied is from Renusol Solar Mount-
ing Systems (Renusole, 2015). The mounting structure has
a 10-year product warranty and an expected reference ser-
vice lifetime of more than 30 years (Solbes, 2013; Renusol,
2010a, 2010b).

2.4. Inventory assessment

The inventory is based on specific data gathered on the
installed PV systems. The inventory includes simulations of
operational energy performance, module emissions (with
frames), the mounting structures, transport, the inverter
and other electrical installations (cabling, etc.). The back-
ground data is obtained from Ecoinvent v.2.2 and v.3.1
(Frischknecht et al., 2007; Weidema et al., 2013). The life
cycle analysis tool SimaPro v.8.0.5 (Pre Consultants,
2012) has been applied to access and analyse the Ecoinvent
data. Benefits from the reuse or recycling of components
are not included. The inventory for the electrical installa-
tions is based on specific details relating to the size of the
system and weight of the inverters with background data
from Ecoinvent.
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Fig. 5. (A) Section of the roof construction adapted from Luca Finocchiaro), (B) photograph of the roof installation, and (C) end profil.

2.4.1. Energy performance of PV systems

The energy performance of the three PV systems is eval-
uated through simulations, using the tool PVsyst (PVSYST
SA, 2011). Site-specific Meteonorm data (Meteotest, 2009)
has been used. Annual total solar irradiation for the given
locations is given in Table 1. The performance ratio (PR) is
defined as the ratio between the final system yield (Yf)
divided by the reference yield (Yr) given by Eq. (3):

Yt
PR = s 3)
whereby, Yf is the ratio of the net energy output and the
nominal power of the installed array and Yr is the ratio
between the total in-plane irradiance and the PV reference
irradiance (1000 W/m?).

The performance ratio takes into account array and sys-
tem losses, such as losses due to shadows, the inverter and
wiring (Marion et al., 2005) (PVSYST SA, 2011). The per-
formance ratio of these three systems was around 0.8,
depending on the actual system design in each case. Losses
due to snow coverage of the PV modules represent an area
of high uncertainty. Snow coverage and the possibility of

snow clearing depend not only on the location, but also
the orientation, maintenance, type of modules, glazing
and frame (Andrews et al., 2013). It is assumed that the
modules are covered by 20% snow, between November
and February, for all three cases. This assumption is based
on discussions with PV consultants and installers in
Norway.

Internal energy consumption of the inverters is consid-
ered negligible. None of the systems are optimally oriented
for their location, which would be around 40-45° and
south facing (annual optimisation). The losses in available
irradiation, due to non-optimal orientation (not including
shading losses), are largest for Multikomfort with around
12%, followed by 9% for Skarpnes and 3% for the Living
Lab. Module degradation has been included in accordance
with the warranty specified by the producers, as shown in
Table 3. However, we apply a service lifetime of 30 years
to all of the modules according to Fthenakis et al. (2011).
The linear degradation is assumed to extend beyond the
25-year warranty period.

The energy output with degradation accounted for, F'
(kW h/m?, year), is calculated according to Eq. (4) where
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Table 3

Product and power warranties of the three types of PV modules (Innotech Solar, 2013, SunPower Corp, 2012, REC Group, 2013).
Module ITS SunPower REC
Product warranty 12 years 25 years 10 years

At least 97% of initial

power after the first year

No more than 0.7%

(at least 80.2% after 25 years)

Performance, warranty,
initial degradation
Performance, warranty,
annual degradation

At least 95% of initial power
for the first 5 years

No more than 0.4% per year
(at least 87% after 25 years)

At least 97% of initial power
after the first year

No more than 0.7%

(at least 80.2% after 25 years)

E (kW h) is the first year energy yield, di, (-) is the initial
degradation, dy, (-) is the linear degradation, Apy (m?) is
the module area, f;, (years) is the time of initial degrada-
tion, and 7 (years) is the module lifetime.
b 1o o
Apy -t 1 —din

PV module efficiency is dependent on the operating tem-
peratures, decreasing with increased temperatures (Green,
1992). In a building integrated PV system, it is more diffi-
cult to assure good ventilation of the modules, resulting
in higher temperatures than in free standing systems. This
factor is taken into account in the simulations, whereby
the Skarpnes system is considered fully integrated, the
multi-comfort and Living Lab systems are building
adapted and semi-integrated respectively, and therefore
have some degree of ventilation. The rear ventilation of
the modules is taken into account by changing the thermal
loss factor in the simulation program. The fully integrated
system was simulated with a thermal loss factor of
15 W/m? K, and the semi-integrated and building adapted
systems were simulated with a thermal loss factor of
20 W/m? K, as per the recommendations in the program
(PVSYST SA, 2011). When calculating the CO, avoided
in the GPBT, we apply the dynamic production profiles
per year, including the degradation of the modules. The
PV energy performance, in the replacement scenario, is
assessed in a simplified way, due to the large uncertainties
in future module performance.

2.4.2. Module emissions

PV module emissions are sensitive to the local energy
source at the production site of the main material inputs
(Fthenakis and Kim, 2011; Yue et al., 2014). It is assumed
likely that single-Si module production emissions are
within the range of 100-300 kg CO, eq/m? based on previ-
ous analyses (Jungbluth et al., 2012; Frischknecht et al.,
2015; Fthenakis et al., 2011; Fthenakis and Kim, 2011).
Life cycle emissions from the SunPower modules have been
thoroughly documented in Fthenakis et al. (2012). Accord-
ing to that previous study, the SunPower life cycle emis-
sions are 281kgCO,eq/m> based on Philippine
production, which is to the authors’ knowledge the case
for the modules used in Skarpnes. According to ITS, the
emissions from the ITS modules are 80% lower than that
from conventional crystalline modules, due to the optimi-
sation process of unused cells from other manufacturers

(ITS, 2012). Emissions from the ITS modules have been
documented with a simplified carbon footprint analysis
by de Wild-Scholten (2013), a study that is not comparable
to a complete LCA study. Thus, we use module emissions
data from the Ecoinvent database to resemble the ITS
modules: “Photovoltaic panel, multi-Si, at plant/RER/I.”
We make the following adjustment in the Ecoinvent pro-
cess to resemble the use of secondary cells in the ITS mod-
ules: ““50% reduction in the use of primary cells for the
baseline scenario, based on ITS (2012), de Wild-Scholten
(2013) and Ecoinvent (2013).” We apply emission data
based on the Ecoinvent database directly for the REC
module (photovoltaic panel, multi-Si, at plant/RER/I)
with 210 kg CO, eq/m? (Ecoinvent, 2013). REC was unable
to provide specific emission data for their modules. Since
the modules are the largest fraction of the PV system inven-
tory, we have carried out a sensitivity analysis based on
assumptions for “‘best case” and “‘worst case” scenarios
for module emissions. The sensitivity analysis for the Sun-
Power modules is based on differences in production loca-
tions as presented in the paper by Fthenakis et al. (2012).
The “best case” is based on Norwegian production and
the “worst case” is based on Malaysian production, whilst
the baseline is Philippine production. The sensitivity for the
REC modules is based on a Monte Carlo analysis per-
formed in SimaPro v.8.0.5 of the Ecoinvent data, resulting
in a normal distribution with a standard deviation (SD) of
16.8 kg CO, eq/m2 (Ecoinvent, 2013; Pre Consultants,
2012). The “best case” is —2x SD, the “worst case” +2x
SD, whilst the mean value is the baseline scenario. Finally,
the sensitivity for the ITS modules is based on different
assumptions of the amount of primary cells used. The “best
case” is based on a scenario were 75% of the cells are
reused, whilst the baseline assumes 50% reused cells, and
the “worst case” assumes that no cells are reused. The
ITS scenarios are inspired by the production methods of
the ITS modules (ITS, 2012; de Wild-Scholten, 2013).
The sensitivities are given in Table 4.

Table 4
Module emission scenarios.
Module Best case Baseline Worst case
(kg CO, eq/m?) (kg CO, eq/m?) (kg CO, eq/m?)
SunPower 200 281 307
ITS 89 130 210
REC 176 210 244
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2.4.3. Mounting structures

All materials used for the sake of mounting the PV mod-
ules have been included. The mounting material inventory
is given in Table 5. The PV roof mounting structures con-
sist of rails, clamps, sealing materials and other compo-
nents. In some cases, for their installation in or onto the
roof, additional timber battens were necessary, and flash-
ings were required for the edges of the roof, for reasons
of building physics and/or aesthetics. Material quantities
for the Schweizer system were obtained directly from
Jungbluth et al. (2007). For the Living Laboratory and
Multikomfort case studies, the inventory was gathered
from technical datasheets for the system and system
descriptions. Aluminium is used in all three of the mount-
ing structures, because of the lack of specific information
concerning the type and location of aluminium used, we
have included a sensitivity analysis for aluminium emis-
sions based on the Ecoinvent database: ‘“best case”
1.4 kg CO- eq/kg (secondary), “baseline” 8.4 kg CO, eq/kg
(production mix) and “worst case” 22.8 kg CO, eq/kg
(alloy based on Chinese electricity).

2.4.4. Transport

To calculate transport emissions of the components
used, the production factory has been located using pro-
duct information from the manufacturer and factory
inspection certificates. The online route explorer tool
SeaRates (2015) has been used to calculate distances. Three
transport scenarios have been modelled: “best case” by
ship, “baseline” by ship and truck and “worst case” only
by trucks. Transport emission data is based on Ecoinvent
EURO 5 truck (Ecoinvent, 2013) and Ecoinvent Transo-
ceanic Ship.

2.4.5. Electricity grid factor scenario

To calculate the greenhouse gas payback time (GPBT)
in years, a reference value for the local grid is necessary
to calculate the avoided emissions. Future dynamic grid
emission scenarios are complex and we apply annual
averages in our analysis. Currently around 97% of the elec-
tricity production in Norway stems from hydropower
(NVE, 2013). The emissions of CO, eq/kW h from Norwe-
gian Hydropower have been calculated to be around

20 g CO,eq/kWh (low voltage) by Ecoinvent (2010).
Fig. 6 shows the average monthly power balance for
Norway, (production/consumption) based on hourly
production and consumption statistics from 2006 to 2014
(Statnett, 2015). From these statistics we see that Norway
is normally exporting electricity. However, Norway has
been, on average, sensitive to the import of electricity
during the spring months. Norway is connected to the
European electricity grid and the transfer capacity between
Norway and Europe will increase in the near future
(Statnett, 2013). Graabak and Feilberg (2011) and
Graabak et al. (2014) previously developed scenarios for
emission profiles in 2010, 2020, 2030, 2040 and 2050, for
the emissions of electricity production in Europe. One of
the scenarios developed is the ‘‘ultra-green” scenario,
which assumes the European electricity grid in 2050 will
be nearly emission free. In this scenario, it is assumed that
Norway is fully integrated with the European electricity
grid. Initial emissions for this scenario are documented as
361 g CO, eq/kW h. We have interpolated the hourly pro-
files of the ultra-green scenario for each year towards
2050; the results are shown in Fig. 7. From this figure we
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Fig. 6. Average monthly power balance for Norway, 2006-2015 (import
lower than 1, export higher than 1).

Table 5

Material inventory for the roof mounting structures, given per m> of PV.

Material Unit A — Multikomfort B — Skarpnes C - Living Lab
Aluminium kg 1.02 2.1 2.12
Glass fibre reinforced polyamide kg 0.06 n/a n/a
Polyethylene kg n/a 1.08 2.84
Polyurethane foam kg n/a 0.68 0.28
Rubber kg n/a 1.2 n/a
Sealing tape (alu PE) kg n/a n/a 1.34
Steel kg 0.07 0.19 n/a
Zinc plated steel kg 0.05 n/a n/a
Wood m’ n/a 0.004 0.002




T.F. Kristjansdottir et al. | Solar Energy 133 (2016) 155-171 165
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Fig. 7. Ultra-green scenario for emissions per kW h electricity in Europe towards 2050 (Graabak and Feilberg, 2011).

see seasonal variations due to the dynamics of electricity
production and consumptions patterns modelled in the sce-
nario by Graabak and Feilberg (2011). We also see the
decreasing trend towards 2050. We apply this future sce-
nario for our baseline GPBT calculations, starting from
year 2015. Graabak and Feilberg (2011) also developed a
simplified “worst case” scenario, the “red” scenario, with
low emission reductions due to a higher demand and
lower increase in renewable energy production. The “‘red”
scenario estimates emissions from the grid to be
224 ¢ CO, eq/kW h in 2050, in contrast to the ultra-green
scenario which predicts an optimistic 30 g average.
Dokka et al. (2013) present a Norwegian “ZEB emission
factor” that is based on averaged emissions from the
“ultra-green” scenario towards 2050, resulting in emissions
of 132 g CO, eq/kW h. For the sensitivity assessment, we
include the ZEB emission factor and the “red” scenario.

2.5. System replacement scenario 2045

Within the PV industry there is a continuous develop-
ment for new technologies and material use, as well as effi-
ciencies for PV modules (NREL, 2016). For our case
studies the building service lifetime is estimated to be
60 years, thus the PV system needs to be replaced once.
To increase our long term perspective we include a replace-
ment scenario for the Skarpnes system. We assume that the
replaced technology for the PV modules is the same, mono-
Si. Frischknecht et al. (2015) developed scenarios for life
cycle emissions from future mono-Si and CdTe modules.
They developed three different scenarios: “‘business as
usual”, “realistic improvement” and “optimistic improve-
ment”. The efficiency of the replaced single-Si modules is
expected to be 22.9%, 25.2% and 27.6% in the different sce-
narios, respectively. We have chosen the realistic improve-
ment scenario and set the module efficiency to 25.2%. The
embodied emissions per m> of module are expected to
decrease by 65%, based on Frischknecht et al. (2015). It
is assumed that future modules will be produced in Asia,

with initial emissions resembling the Malaysian production
of SunPower modules (300 kg CO, eq/m?), as documented
by Fthenakis et al. (2012). This estimates replacement mod-
ule emissions at 100 kg CO, eq/m>. It is assumed that there
are no emissions from mounting structures; the PV mod-
ules are fully integrated. Transport distances are assumed
to be the same. It is assumed that the inverter, electrical
installations and transport emissions are also reduced by
65%, (Frischknecht et al., 2015). The degradation profile
is based on data from SunPower (SunPower Corp, 2012).
The production yield calculations are further based on irra-
diation and efficiency. For the future scenario we calculate
greenhouse gas emissions per kW h produced, and the
GPBT with the ZEB-factor and “red” scenario.

3. Results
3.1. Production yield

In Fig. 8, the simulated production yield from the differ-
ent systems is shown, in terms of both the annual energy

production per module area, and per floor area of the
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Fig. 8. Simulation results for the total annual the energy yield per year
(left axis) is shown together with the annual yield normalised per square
meter module area and per square meter heated floor area (right axis).
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buildings. The figure also shows the total annual power
yield from the systems. The yield from the Multikomfort
system is the highest, since this is the largest system.

The normalised values for Multikomfort and the Living
Laboratory are approximately equal, both with respect to
energy yield per square meter module area and heated floor
area. The irradiation (see Table 1) is slightly higher for the
Living Lab than Multikomfort, but the Living Lab’s sys-
tem is also significantly influenced by self-shading, resulting
in a similar energy output between the two buildings.
Skarpnes has a smaller production in relation to heated
floor area, but a higher energy production performance
per square meter due to the higher efficiency of the
mono-Si modules. The monthly energy yield for the first
year of the three systems is shown in Fig. 9. The Skarpnes
system has the highest specific output during the whole
year. The energy yield from Multikomfort is slightly higher
during the autumn months compared to the Living Lab,
due to the difference in tilt angles.

3.2. Emissions from mounting structures

The emission loads for the different mounting structures
are shown in Fig. 10 for the baseline aluminium scenario.

25

20 +

15 /
10

Energy yield (kWh/m?)

0 T T T T T T T T T T —

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

—&— A - Multikomfort
~@— C- Living Lab

B - Skarpnes

Fig. 9. Simulations results for the monthly yield for the first year energy
per square meter module area.

The K2 System applied in the Multikomfort building, has
less than half of the emissions compared to the Schweizer
and the Renusol systems. Between Schweizer and Renusol,
the difference is less significant. The Living Lab and Skarp-
nes mounting systems have a larger material demand,
which drives up emissions compared to the simpler K2
BAPYV system. BIPV systems reduce the demand for tradi-
tional roofing material, because the system replaces the
roofing materials in the areas where the PV is installed.
The avoided emissions associated with this will depend
on the type of roofing avoided. In the Skarpnes case,
cement roof tiles are used. By applying the emission factor
for roof tiles from Ecoinvent, 13 kg CO,eq/m?,
(Ecoinvent, 2010) the Skarpnes mounting structure emis-
sions are reduced by around 60%. The emissions for the
Living Lab are reduced by approximately 3 kg CO, eq/m>
due to the avoidance of bitumen felt (Ecoinvent, 2010),
but still has the largest amount of GHG emissions com-
pared to the two other cases.

3.3. Emissions per square meter module area and kW h

In Fig. 11, we present the results for the total embodied
emissions allocated per square meter module area, includ-
ing the sensitivity scenarios for module, transport and
mounting aluminium emissions. The module emissions
are the largest contributor, followed by the mounting struc-
tures and inverters. Total embodied emissions for the base-
line scenario are around 150 kg CO,eq/m’> for
Multikomfort, 350 kg CO, eq/m? for Skarpnes and around
280 kg CO, eq/m? for the Living Lab.

From this figure, we see that the GHG emissions per
kW h for the different systems range from around 30 to
120 g CO, eq/kW h. Emissions per kW h produced are
lowest for Multikomfort. Emissions per kW h for Skarpnes
and the Living Lab cases are similar. The sensitivity assess-
ment shows that there can be a significant difference
between system emissions per kW h. With emissions
ranging from around 50 g to 120 g for the Skarpnes system,

30 M Building integration
benefit
25 M Aluminium
20 B Polyethylene
15 M Polyurethane
£
10
> Steel
]
]
8 Glassifber
w Reinforced plastic
0 T T B Synthetic Rubber
Multikomfort L
-5 M Timber
-10
-15

Fig. 10. Emissions in kg CO, eq/m? for the different materials for the roof mounting structures and building integration benefits.
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Fig. 11. Emissions loads from the systems in kg CO, eq/m” and GHG emissions per kW h produced over the service lifetime of 30 years, including best,

baseline and worst case scenarios.

30-70 g for the Multikomfort system and 50-100 g for the
Living Lab.

3.4. Greenhouse gas payback time (GPBT)

In Fig. 12, we show the dynamics of the emission pay-
back scenario per square meter of module area for the dif-
ferent systems. The production profiles and cumulated
avoided emissions are very similar for the Living Lab and
Multikomfort systems, giving similar efficiencies. For the
baseline scenario, embodied emissions and the ‘“‘ultra-
green” electricity emission scenario have payback times

of around 3, 7 and 8 years for the Multikomfort, Living
Lab and Skarpnes respectively. We also see from Fig. 12
that Skarpnes gives larger emissions avoided per year due
to higher module efficiency. When applying the “‘red”
scenario; the GPBT is reduced to around 6 years for both
the Living Lab and Skarpnes. With the current averaged
Norwegian ZEB factor of 132 g CO, eq/kW h, the GPBT
increases to 8, 15 and 18 years respectively.

For the replacement scenario from 2045 to 2075, the
emissions per kW h are around 20 g CO, eq/kW h for the
Skarpnes system, with annual production yields of around
220 kW h/m>. In the “ultra-green” emission scenario, the
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Fig. 12. Annual average productions with degradation and corresponding cumulative avoided emissions based on the “ultra-green” scenario. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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emissions are not payed back, but for the “red” scenario
emissions are payed back within two years. When using
the ZEB emission factor emissions are payed back within
three years.

4. Discussion

From our analysis, we see that the life cycle emissions
from the PV systems analysed have lower emissions com-
pared to fossil fuels, thus confirming previous studies
(NREL, 2013). We also see that there are significant differ-
ences between the systems, with respect to emissions from
the modules and mounting structures. However, we also
saw a wide range of emission loads within the best and
worst case scenarios, thus it is challenging to make any
decisive comparative conclusions. The GPBT varies signif-
icantly according to which scenario is applied, according to
the avoided emissions in the grid. In the “ultra-green” sce-
nario we saw that it takes 8 years to payback emissions
from the Skarpnes system, but in the “red” scenario we
saw a GPBT of 6 years for the same system. The simplified,
static ZEB emission factor scenario gave us a GPBT of up
to 15 years. Emissions can be paid back if PV system emis-
sions are lower than the grid emissions. If we consider only
an isolated Norwegian hydropower grid, which would have
emissions of approximately 20 g CO, eq/kW h, (Ecoinvent,
2010) then the PV systems emissions are not payed back.
This uncertainty emphasises the need for careful consider-
ation, between the grid interaction and related system
boundaries, when choosing energy systems for buildings.
Even though module emissions represent the largest frac-
tion of emissions from PV systems, the mounting structures
also contribute significantly. From our analysis we saw that
with proper integration of PV systems, we can reduce the
use of roofing materials, and thus reduce building material
emissions. With large-scale implementation of solar home
systems, mounting emissions become more significant, even
though they seem small when viewed on an individual
building basis. Therefore, minimizing mounting structure
emissions with proper integration is beneficial. Based on
our simplified future emission scenario, emissions from
electricity, from PV systems are likely to be significantly
reduced. At the same time, a payback calculation becomes
more irrelevant in a scenario where the grid becomes nearly
emission free.

Emissions from the SunPower modules have been thor-
oughly documented, whilst for the REC modules, emission
data was not available. For the Multikomfort case, emis-
sions from the module scenarios were low, due to the use
of reused cells in the ITS modules. The allocation proce-
dures for emission burdens, when using secondary or waste
material, can be challenging. We therefore made a simplifi-
cation, in that there were no emission loads from the reused
cells, which is debatable. Comparing different life cycle
studies is challenging, as different methods and reporting
formats are used by different authors, thus reducing com-
parability. When installing a PV system, it is preferable

to have proper knowledge of the emission burdens of the
installed modules. In some cases, we encountered difficul-
ties in gaining specific data from producers, a challenge
that may be resolved in the future. According to
Fraunhofer (2012) the end of life benefits of recycling, espe-
cially glass and aluminium can have significant influence on
the overall life cycle impact of PV modules. These potential
benefits have not been included.

With regards to the battery storage, the Multikomfort
system is more self-sufficient and possibly gains a better
economic output. We have not included the impact from
the batteries. This is an aspect that requires further investi-
gation. We have limited our analysis to GHG emissions,
mainly due to the fact that the pilot case studies have
focused on a zero emission GHG balance. Looking also
into the primary energy balance of the different systems
would be of interest. Nevertheless, previous studies have
shown that cumulative energy demand and greenhouse
gas emissions often correlate (Huijbregts et al., 20006).

Service lifetime is an important parameter for emission
burden accounting; in a scenario with a shorter service life-
time, emissions per kW h are increased. The replacement of
possible defect modules has not been taken into account,
which is also an aspect that could increase service lifetime
emissions.

Currently, there is a lack of guidelines for good BIPV
practice in Norway. In cold climates, shading caused by
snow, needs to be considered. How much this influences
a system is difficult to know, without site-specific measure-
ment. None of the systems are optimally oriented for their
location, which would be around 40-45° and south facing
(annual optimisation). Optimal orientation would have
resulted in lower emissions per kW h.

From historical statistics of the Norwegian export profile
for electricity, it can be argued that producing electricity in
the spring months gives an extra benefit for the Norwegian
electricity grid. Production in the summer months is consid-
ered to have a lesser value, as it could lead to lower prices.
With the high availability of hydropower in Norway, one
could argue that PV system installations are not necessary.
As a result, PV systems should be prioritised in areas with
higher solar irradiation and electricity grids based on fossil
energy. In contrast, a large fraction of Europe’s electricity is
produced from fossil fuels, emphasising a general need for
the increased electricity production from renewable energy
sources, and therein PV systems (Eurostat, 2015).

From the “ultra-green” emission scenario in Fig. 7, and
the Norwegian export—-import sensitivity analysis in Fig. 6,
we get a picture of the seasonal grid production and emis-
sion sensitivities. Essentially, the emissions are higher in the
winter and lower in the summer. As an area for further
study, it would be interesting to include a month-by-
month emission payback profile of the systems, combining
energy demand and generation on an hourly basis. There
are plans to measure the energy outputs of the systems,
which will bring insight into the real operational perfor-
mance of the PV systems in a Norwegian context.
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5. Conclusions

We have looked at the emissions of GHG and GPBT for
three different PV systems installed in Norwegian Zero
Emission Buildings for an estimated service lifetime of
30 years. These systems are referred to as the Multikom-
fort, Skarpnes and Living Lab. We have included a simpli-
fied future scenario, whereby one of the PV systems is
replaced after 30 years. Total embodied emissions, allo-
cated per square meter of module area, for the baseline sce-
nario are around 150 kg CO,eq/m> for Multikomfort,
350 kg CO, eq/m> for Skarpnes and around 280 kg
CO, eq/m? for the Living Lab. The simplest mounting sys-
tem showed emission of around 10 kg CO,/m?, whilst the
other, more complex systems showed emissions from
around 20 to 25 kg CO, eq/m>. A building integration ben-
efit, where roof tiles were replaced with PV modules,
reduced mounting system emissions by around 60%. We
also see that module emissions have the largest proportion
of emissions from the three different systems, stressing the
need for reliable data on PV module production. Emissions
per kW h produced, showed that the lowest emissions orig-
inated from the Multikomfort system which had approxi-
mately 45 g CO,eq/kW h, and around 80-85g for the
other two systems. Emissions from the Multikomfort sys-
tem are lowest, due to the use of reused cells in the modules,
combined with the large dimension of the system, and the
simple roof mounting structure. The sensitivity analysis
showed that there are large variations in emissions, with
the total span from around 30 to 120 g CO, eq/kW h. The
GPBT is very sensitive to the grid scenario for emissions.
The baseline scenario “ultra-green”, showed emission pay-
back times of 3, 7 and 8 years respectively. The GBPT is
decreased to around 6 years, if the “red” scenario for emis-
sions from the grid is used for the Living Lab and Skarpnes
cases. A constant emission factor, namely the Norwegian
“ZEB factor” of 132 g CO, eq/kW h showed payback times
of 8, 15 and 18 years for the three systems. If we assume
Norwegian hydropower emissions of 20 g CO, eq/kW h,
as an average for local grid emissions, then the modules
do not payback emissions within their 30 year service life-
time. Furthermore, when looking 30 years into the future,
the emissions from the Skarpnes system are likely to be
reduced from around 80 to 20 g CO, eq/kW h.
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