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Abstract

This study introduced an innovative yet feasible and cost-effective solution to make a big step forward in
the state-of-art of smart energy buildings and obtain a real meaning of net-zero energy building. In this
study, the main cornerstones of the developed solution combined the following technologies: the use of
novel trigeneration solar collectors without a battery, a very clever method of heat pump integration with
minimal size and cost required, and two-way interaction of the building with local energy networks.
Different system configurations based on the included components were suggested and analyzed for an
apartment building in Denmark. A thorough techno-economic and environmental evaluation of the
proposed solution and the most competent ones already proposed for the same application was carried out
to rank the best configuration from various facets. A comparative parametric study was accomplished to
examine and compare the variation of performance indicators with significant decision variables. In
addition, the tri-objective optimization was implemented for each configuration to specify the best optimum
condition from energy, economic, and environmental standpoints. According to the economic results, the
configurations integrated with battery and regular heat pumps were not favorable due to the highest total
cost and the payback period. Here, the proposed system, owing to its resilient energy trade possibility with
the energy networks and the scaled-down heat pump, gave larger energy-saving and CO; emission reduction
rates of 16.6% and 21.6%, respectively. The multi-objective optimization showed that the capacities of the

battery and the cold storage were the most effective parameters on the performance of the system.

Keywords: Net-zero energy building; Scaled-down heat pump; Building integrated PVT; Photovoltaic
thermal cooling panels; Multi-objective optimization.

Nomenclature
A Area, m? Subscripts and abbreviations
AC The annual cost, $ vV Volume, m?
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ACSR Annual cost saving rate W Power, kWh

Cp Specific heat capacity, kJ/(kg.K) Z Component cost

Ciot Total cost, $ abs Absorber

CDE Carbon dioxide emission, kg amb Ambient

CDERR rCaz:;bon dioxide emission reduction CHP Combined heating and power

i Electricity, kWh CCHP Combined cooling, heating, and
power

F Fuel consumption, kWh CI Capital investment

G Total incident solar radiation, kW/m?>  Conv Convection

h Enthalpy (kJ/kg) i Inlet

B oo Forced'convection heat transfer nat natural

e-loree coefficient, W/(m*K)
he,mix lc\f)le);%dcice(;ivs;ﬁl(?;zlgiat transfer OM Operating and maintenance
hee Natural convection heat transfer Outlet
o coefficient, W/(m*K)

1 Mass flow rate, kg/s PP Payback period

NPV Net present value, $ PV Photovoltaic

P Pressure PVT Photovoltaic/Thermal

PESR Primary energy saving rate PVTC Photovoltaic/Thermal/Cooling

PP Payback period rad Radiation

Qloss,top,conv El};etzgesﬁv;gesf Eg;Ugh convectionat  gp Separation production

The energy lost through radiation at

Quossaoprad top surface, kW Greek letters
The energy lost at the back of the Electrical efficiency of the CHP
Qross ack collector, kW e waste to the energy plant
Quseful Energy added to the flow stream, KW | #crid i?gg;lz; energy transmission
R The heat transfer resistance through nu Heat efficiency of the CHP waste
i the back of the PVT to the energy plant
T Temperature /13% PV efficiency
loss coefficient between the tank and ¢ Emissivity at the top of the panel

its environment, kJ/(kg. K.m?)

1. Introduction

Today, the global renewable energy expansion and the international appropriate development objectives
towards climate protection are central areas of scientific attention in the world, particularly in Europe [1].
The trend is expected to continue due to the rapid depletion of fossil fuels and a significant increase in
energy use. More than 40% of the total CO» emission and nearly 33% of global energy use corresponds to
the buildings sector [2]. Massive emission mitigation and efficiency improvement potentials of buildings
remain untapped because of inadequate attention to sustainable buildings [3,4]. A smart energy system with
a flexible and intelligent link between energy production, use, and distribution is a sustainable, cost-

effective, and environmentally friendly solution to address the global issues regarding the buildings sector



[5]- The two important characteristics of smart buildings might be: 1) the use of renewable sources and 2)
the two-way interaction of the building with the local grid making the building's net traded energy with the
grids practically zero [6]. This way, a strong synergy between different renewable energy sources and
higher collaborations between energy producers and users is promoted to achieve cleaner production and
efficient integration. Among different sources, the utilization of solar energy and solar technologies based

on the most advanced state-of-practice is of great importance for much higher penetration of renewable

energy [7].

Solar photovoltaic (PV) and solar thermal panels in building energy systems are quite common. PV's main
deficiency is decreasing efficiency as tits surface temperature picks up. The idea of photovoltaic thermal
(PVT) panel has been developed to increase the electrical efficiency of the panel via a working fluid flow,
decreasing its surface temperature and exploit the waste heat for heating applications [8]. A comparison
between the PVT system and PV panel integrated with solar collector was carried out by Good et al. [9] to
achieve a net-zero energy building for Norway's case. They concluded that the PVT system is superior from
techno-economical facets despite the existing material challenges. A nearly zero-energy building supplied
by PVT panel interacting with electricity grid was proposed by Conti et al. [10]. They showed that a higher
share of renewable energy is achieved using PVT compared to side-by-side PV panels and thermal
collectors. Tse et al. [11] conducted a techno-economic comparison and sensitive assessment of a nearly
zero-energy/emission office building equipped with PVT panels and side-by-side PV-solar thermal
collectors for the case of Hong Kong. They showed that the PVT-based model is superior because of higher
performance efficiency and lower payback period than the PV-solar collector system. Wang et al. [12]
assessed and compared the energetic and economic aspects of PVT-based building systems against PV and
evacuated tube collectors. They revealed that the standalone PV system with the lowest levelized cost of
energy of 89 €/ MWh is the most economically superior option. Simulation and experimental assessment of
PVT system and side-by-side conventional solar system (PV + collector) were investigated by Pokorny et
al. [36] to find the best building-integrated model with the lowest dependency on the energy network. They
found out that the roof-based PVT system is the preferable option in CO; emission reduction and higher
renewable energy production. In another study, Kamel et al. [13] compared the performance criteria of
PVT-driven smart buildings against PV-solar collector systems. They concluded that a remarkable increase
in performance efficiencies and produced energy is achieved using the PVT system. However, a lower net

present value is obtained compared to the side-by-side PV-collector.

In most of the applications of PV or PVT systems, a battery plus a heat pump are part of the energy system.
Kamel and Fung [27] performed a comprehensive assessment of a zero-emission residential smart building

equipped with PVT panels and an air source heat pump using the TRNSYS program. The results showed



that using the integration of PVT with heat pump leads to a decrease in 1734.7 kg CO; and 500 $ in annual
greenhouse gas emission and electricity cost, respectively. However, the main problem of integrating PVT-
driven building energy systems with heat pumps and batteries is their high cost. Herrando et al. [14]
investigated the effect of economic variables on the cost competitiveness of building-integrated PVT
systems equipped with battery and heat storage. They indicated that more than 35% of the system's total
purchased cost corresponds to the PVT panels. A PVT-based combined cooling, heating, and power
(CCHP) system integrated with a battery, heat pump, storage tank, and absorption chiller for three buildings
were optimized and compared by Ren et al. [15], finding out that the battery and heat pump have a high
contribution to the total investment cost. In another study, Arabkoohsar and Alsagri [16] proved that a heat
pump could only be cost-efficient if it is used most of the time (a high utilization factor), which is not
achievable for standalone systems.

Buildings with two-way interaction with the local energy grids are the main characteristic of smart energy
systems, paving the path for truly having net-zero buildings, that is, buildings with (almost) zero emissions.
A CCHP solar-based building system consisting of a PVT and a heat pump with two-way interaction with
electricity, heat, and cooling networks was introduced and investigated by Zhang et al. [17]. They obtained
a balance between the produced annual electricity, heat, and cooling productions and use with 109% supply
of the total building's energy requirement. Lately, Gholamian et al. [18] proposed a near-zero smart CCHP
building system equipped with the PVT interacting with energy grids. They showed that the proposed
innovative configuration could supply the entire annual building's energy demand. Del Amo et al. [19]
proposed a PVT-driven educational building in Italy having a two- and one-way interaction with electricity
and heat networks, respectively. According to the results, about 60% of the building's total electricity and
heat demand was provided by the solar system with a payback period of 15.4 years. Buonomano et al. [20]
analyzed a dynamic building-integrated PVT system consisting of a heat pump, battery, and cooling
absorption unit with two-way interaction with the electricity grid. They obtained a primary electricity and
heating energy saving of 68.8% with 10.6 years payback period. Garcia et al. [21] introduced a zero-
emission building located in central Europe comprising PVT panels, heat pumps, and storage tanks with
two-way interaction with the district heating network. They revealed that the proposed configuration leads
to a considerable increase in energy security and reduces the building's annual cost compared to the
conventional heat pump system with no interaction with the heat network. Behzadi and Arabkoohsar [22]
evaluated the feasibility of removing battery and heat pump from building-integrated PVT system
interacting with electricity and district heating network simultaneously. They showed that the proposed
innovative configuration could compensate for the building's annual electricity cost, and it has a
considerable share in the local energy matrix due to the excess annual hot water of 402.8 m? sold to the

district heating network.



Optimization of the system performance and sizing the components plays a crucial role, especially in
thermal energy systems, because it increases performance efficiency and diminishes the system cost and
environmental contamination [23,24]. The interaction between PVT panels/heat pump system combined
with a heat storage tank was investigated by Dannemand et al. [25] to supply the domestic hot water and
electricity need of a smart building in Denmark. They suggested that a parametric optimization and a better
design of the storage tank result in a reduction in thermal losses in the system and more independence from
the network. The simulation and experimental study of building-integrated PVT systems for Tunisian case
were performed by Hazami et al. [26], finding out that 14.9% and 5.3% increase in hot water and electricity
production is attained at the optimum operating condition. Techno-economic evaluation and multi-objective
optimization of building-integrated PVT system combined with electricity storage were conducted by Chen
et al. [27], contemplating energy and life cycle savings as objectives. They concluded that optimum sizing
has a significant influence on system independence from the grid. A near zero-electricity/heat building-
integrated PVT system combined with heat pump and thermal storage tank with two-way interaction with
electricity grid was simulated by Sakellariou et al. [28]. They suggested optimizing the component's size
should be more investigated to increase the cost-effective and share of solar energy in providing the
building's demand. Behzadi et al. [29] optimized a building-integrated PVT system and indicated that the
higher panel area and a lower storage tank volume lead to a better techno-economic condition. Also, they
showed that at the optimum condition, the proposed system has a 4.03% higher exergy efficiency and 3.64
€/MWh lower total CHP cost.

Based on the literature review, it can be conceived that the main problem of solar-driven building energy
systems is their insufficient cost-effectiveness, questioning their feasibility, and discouraging building
proprietors economically. In order to address this, this study suggested a solar-based building energy system

that stands on the following main pillars:

e FEliminating the battery of the system, which is a major source of expenditure of solar power
systems.

e A creative method of heat pump integration, aiming at minimizing its required size and cost, with
the highest possible utilization factor over the entire year.

e Using PVT-cooling (PVTC) panels tri-generating heat, electricity, and cooling based on natural
heat transfer process toward the sky to cover the building’s entire energy demand and maximize
the production rate per square meter.

e Having large-enough cold and heat storage units for higher self-sufficiency and minimizing the

dependency on external support.



e Having a two-way interaction with electricity, heat, and cooling (if any) grids to practically

compensate for the energy purchased from the energy distribution networks over an entire year.

Having the proposed concept of this article developed based on these principles, the sizing of its
components and operation properties were optimized via multi-objective optimization methods. Further,
the performance of the suggested system was techno-economic-environmentally investigated over an entire
year. The performance of the optimized system was compared to the most competent solution in the same
framework, using either PVT or PVTC panels integrated with heat and cold storage tanks, heat pump, and
battery. To make the comparison fair, the optimization based on the genetic algorithm was applied to all

the competing scenarios too. MATLAB was used for modeling and optimization in this study.

2. System description

Figure 1 demonstrates the schematic diagram of each building-integrated solar-driven system. The main
components of each configuration were a PVT, a PVTC, a battery, an air-water heat pump, and heat and
cold storage tanks. They differ based on the configuration, type of produced energy, presence or absence
of electricity storage units or electricity-driven heat generator, and energy network they are interacting with.
A detailed explanation of the studied configurations is given below:

a) Configuration 1 - with PVT, battery, and heat storage tank interacting with electricity and district
heating network, as shown in Figure 1(a). In this configuration, the feasibility of integrating a PVT-
driven system with a battery as the electricity storage unit, and a storage tank, as the heat storage
unit is investigated. As depicted, based on examining the building’s electricity/heat need and
battery/heat storage tank capacity, the smart controller determines whether the electricity/heat
should be stored in a battery/heat storage tank or provides the building’s demand. Otherwise, when
there isn’t any electricity/heat and the battery/heat storage tank is full, the extra produced
electricity/heat is sold to the electricity/district heating network.

b) Configuration 2 - with PVTC and heat and cold storage tanks interacting with electricity, heating,
and cooling (if any) networks as presented in Figure 1(b). The solar PVTC panels are specific types
of panels that tri-generate power, heat, and cold at a very high overall energy efficiency. In this
configuration, the feasibility of eliminating the battery and heat pump on performance, economic,
and environmental indicators is examined. Herein, the produced electricity first supplies the
building’s demand. Otherwise, it charges the electrical coil of the heat storage tank to produce hot
water. The proposed configuration enjoys the heat and cold storage tanks to balance the heating
and cooling energy between the panel, energy networks, and the building’s demand.

¢) Configuration 3 - with PVTC, air-water heat pump, and heat and cold storage tanks, as illustrated

in Figure 1(c). In this configuration, the reversible air-water heat pump is applied to provide the
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building’s space heat and cooling demands when there isn’t enough solar radiation or the storage
tanks are vacant. The proposed configuration also interacts with the district heating network to
supply the entire domestic hot water need or sell the extra heat produced by PVTC. Moreover, the
produced electricity first provides the building’s need and then runs the heat pump. In addition to
the district heating network, this configuration interacts with the electricity grid in two-way to sell
the extra electricity, provide the building’s need, and drive the heat pump.

d) In Configuration 4, which has the same configuration as configuration 3, a new method of using
heat pumps is introduced. In the proposed configuration, instead of a high-capacity heat pump for
the entire building, a low-capacity one is used to simultaneously meet the building's demand

interacting with the electricity grid.

a) b)
Battery
Hot PVTC Cold
PVT Panels District Storage] | Panels | [Storage] District
Heating Heating
Electricty Grid Electricty Grid
Controller Controller
¢) d)
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Storage] | Panels| |Storage|

District
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o
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Figure 1. Schematic diagram of each configuration

3. Methodology

The thermodynamic, economic, and environmental assessment method for each configuration is presented
in this section. . Finally, the tri-objective optimization applying the genetic algorithm was used to find the
best operating condition of each configuration from techno-economic-environmental facets. The entire

assessment approach was developed in MATLAB.

3.1. The case study

A 60-flat complex building located in Aarhus, Denmark, is contemplated as the case study investigating
and comparing each solar-driven configuration's performance. The prerequisite data included the building's
geometry, local weather information, thermal comfort, and the electricity demand profile to calculate the

cooling and heat use profiles using TRNSYS software. The building geometry parameters, including the



number and height of flats on each floor and the flat, windows, walls, roofs, and floor areas, are listed in

Table 1.

Table 1. The building geometry parameters.

Parameter Value
Flat numbers 60
Number of flats on each floor 10
Area of each flat (m?) 150 m? (10 mx15 m)
Height of each flat (m) 3
Windows area (%/shell) 20
Walls area (%/shell) 30
Roofs area (%/shell) 25
Floor area (%/shell) 25

The hourly variation of the outdoor temperature, total solar irradiance, and the case study building hourly
electricity use profile in Aarhus are presented in Figure 2. According to Figure 2(a), the outdoor temperature
varies from -7.45°C in the coldest hour till 29.08°C in an hour in summer. What stands out from Figure 2
is that the solar irradiance increases up to 0.91 kWh/m? in the 4069™ hour of the year. Figure 2(b) indicates
that the maximum and minimum electricity load demands for the entire building are, respectively, 27.41

kWh and 8.69 kWh.
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Figure 2. Hourly variation of a) outdoor temperature and total solar irradiance b) electricity demand of the entire
building located in Aarhus

3.2. Modeling approach

Thermodynamic assessment is carried out by developing the mass and energy balances for each component

as a control volume as follow [30]:



XMy = XMoy (1)
Q — W = X oy houe — X n hin (2)
where 1 is the mass flow rate, and Q and ¥ is the heat transfer rate to/from and the work done by/on the

control volume.

3.2.1. Building model
The energy balance for a zone, which is the basis of the building’s heating and cooling loads calculation,

can be calculated by the following equation [31]:

ar, _ . . . .
Myir Cp,air E - Qequipments + qu‘rfaces + onnes + Qamb + ststem

(3)
In this equation, T, Mair, Cpair, and sts are the zone temperature, air mass flow rate, the specific heat of
air, and heating/cooling energy provided by the source. Moreover, Qequipmentsa qurfaces, Qzones, and

Qamp are the internal convective gains (by equipment and people), surface convective heat transfer, heat
transfer of mixing air came from other zones, infiltration gains (airflow from outside only), and can be

calculated as following, respectively:

Qequipments = Zivzef upment 11 Cy (Tequipment,i — Tz) )
Qsurfaces = Z;V:?rfaces hiAi(Tsurface,i — Tz) ©)
Quones = Ty 11 Cp(Ti = T,) ©)
Qamb = Mamp Cp (Tamp — T,) @)

Detailed information about the thermodynamic equations for evaluating the building’s heating and cooling

demands can be found in the TRNSY'S documents [31].

3.2.2.8olar panel model
The PVT panel's mathematical model as the primary mover of each configuration is investigated in detail.
According to Figure 3, the absorbed solar radiation is divided into four parts: the heat lost to the ambient

through the convection (Qloss,toplconv), the heat lost to the sky via radiation (Qloss,top,rad), the heat lost to

the back plate by conduction (Q'loss_back’wnd), and the useful energy gain by the coolant fluid entering the

panel (Quseful)-
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Figure 3. Energy flows on the PVTC/PVT surface.
Therefore, the energy balance on the PVT panel surface is written as below [32]:

Qabsorbea = Qioss + Quseful ®
Qloss = Qloss,top,conv + Qloss,top,rad + Qloss,back.cond (9)
Here Qgpsorpea 1S the net absorbed solar radiation, which is equal to the absorbed solar radiation minus

the PV power production as following [33]:

Qabsorbea = GA(Ta)(1 —npy) (10

Here G is the total radiation on a tilted surface, 4 is the panel area, and za denotes the transmittance-
absorptance coefficient. In addition, #pv is the PV panel cell efficiency depending on nominal condition,

cell temperature, and solar radiation as follow [31]:

Npy = Mnomina X1 Xr (11)
Xr =1+ Effr(Tpy — Tref) (12)
Xgp =1+ Effc(Gr — Gref) (13)

Furthermore, the produced power by the panel is calculated as below [31]:

Weyr = GA(Ta)npy (14)

Eventually, the remaining heat transfers for the panel are written as [31]:

Qloss,top,conv = houterA(TPVT - Tamb) (15)

Qloss,top,rad = hradA(TPVT - Tsky) (16)
7_wa S_Tinsi e

Quoss,pack = A# (17)

Qu =mCp (Tfluid,out - Tfluid,in) (18)

10



Where Rg is the resistance to heat transfer from the absorber via the back of the panel and /ouer is the
convective heat transfer coefficient from the top of the panel to the ambient temperature. /a4, which is the

radiative heat transfer coefficient from the top of the panel to the sky, is calculated as follows [34]:

hrad = EO—(TPVT + Tsky)(TPZVT + Tszky) (19)

In which ¢ and o are, respectively, the emissivity at the top of the panel and Stefan-Boltzmann constant.

In addition to power and heat production in the day, the PVTC panel can produce cooling energy via the
cold sky's radiation at night (look at Figure 3). This is reasonable because the panel temperature falls
beneath the sky temperature at night and the heat transfer takes place in the reverse direction of the day.

The cooling power is calculated as follows [35]:

QPVTC = Q‘rad + Qconv (20)

here Q44 is the radiative heat transfer and Q. is the convective heat transfers, which is calculated as:

Qconv =4 hc,mix(TPVTC - amb) 21

In which, /. mix is the convective heat transfer coefficient and is calculated as below [36,37]:

hc,mix = i/hg,forced + h?,nat (22)
hc,forced =28+3U, (23)
hc,nat =178 (TPVTC - amb)1/3 24)

Where h¢ forceq and hepq; are natural and forced convective heat transfer coefficients, and Uy is the wind

velocity.

3.2.3.Heat pump model
To model the heat pump, the coefficient of performance (COP) was used based on the Lorenz equation as

follows:

COP = Nporenz X COProreny

(25)
. . _ Tim,H

For heat production: COP; yyen, = TimH~Tim,c (26)
. . _ Tim,c

For cold production: COPyyepn, = TimH~Tim,c (27)

Here #Loren 18 the Lorenz efficiency as the ratio between the actual and Lorenz coefficients of performance,

and Tinmis the logarithmic (entropic) mean temperature which can be evaluated as:

T — TC,out_TC,in
lm,C InTcout—InTcin (28)
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TH,out_TH,in

T = SR
tm.H InTy out—InTy in (29)

3.2.4. Total cost calculation
After developing the mathematical equation of each component, the performance assessment and

comparison of each configuration was carried out by evaluating the total sold and purchased energy to and

from networks and primary energy saving rate as below [15]:

Net bought energy = EPurchased + QPurchased (30)

Net sold energy = Egg1q + Qsoia (31)
FSP_FSolar

PESR = s x 100 (32)

Here F®" is the fuel used for electricity and heat demands supplied from electricity and district heating
networks, and F5°" is the solar energy of each proposed solar-driven building system, which are calculated

as:

FSP — EDemand QDemand (33)
NENgrid NHNgrid
FSolar — Epurchased + QPurchased L

£ o
NENgrid NHMgrid Sold QSOld (34)

In which, #& and #u are the electrical and heat efficiencies of the CHP waste to the energy plant as the

conventional way in Denmark and 744 is the network's energy transmission efficiency.

3.3. Economic analysis

The specific cost theory was implemented to conduct the economic evaluation. According to the theory,
the cost of each component (Zy) equals the sum of capital investment (Z") and operating and maintenance

costs (Z°M) as below [38]:

Z, =28+ 290M (35)

Here y is the fixed costs coefficient. Table 2 presents the capital investment cost of each component to

accomplish the economic evaluation.

Table 2. Purchased cost of each component of each configuration [39—41].

Component Z (9)
Battery lithium-ion 8800
Air-Water Heat Pump fllzgg bxg;ﬁ\};[fﬁ
PVT Panel ch;\:él:éféxé;lgg
ETos 6 shwh
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Znsi=caX CAPrst
¢4=105.6 $/kWh
After determining each component's cost, the economic comparison of each configuration is examined

Heat Storage

based on the assessment of the annual cost saving rate, net present value, and payback period. To begin
with, the annual cost saving rate as the yearly benefit of each solar-based hybrid building system compared

with separation production system is calculated as following [15]:

SP_ACSolar

ACSR = A€ =A% 100 (37)

ACSP

In which AC®" and ACS'®™ are the annual cost of separation production and solar-based systems,

respectively, which are written as:

s .
AC - EDemand X Celect:‘ricty + QDemand X Cheat (38)

ACSOlaT = (EBought - ESold) X Celectricty + (QBought - QSold) X Cheat (39)

Here cCeleetrcity and cneat are the electricity and heat prices which are, respectively, 400 $/MWh and 69.6
$/MWh in Denmark. Moreover, the net present value over 40 years to assess the cost-effectiveness of each

configuration is calculated as below:

AC'Reduced_ZOM‘
— \'40 i toti _ ~CI
NPV = Zi:l (1+r)t Ztot

(40)
Where r is the discount rate, and A Creduced 1S the reduced annual cost as the difference between the annual

cost of separation production and solar-based systems as follow:

AcReduced — ACsP _ ACs‘olar (41)
Last but not least economic indicator is the payback period (PP), which is equal to the number of years

needed to reimburse the initial costs and written as:

Cto
PP = —ea (42)
Crot = Xty Zi (43)

Here, Cio is the total cost equal to the sum of each component's cost.

3.4. Environmental analysis

Due to the worrying increment in worldwide environmental pollution and the hazardous impact of global
temperature increment resulting from greenhouse gas emissions, environmental analysis has become more

significant than ever. Herein, the carbon dioxide emission reduction rate is calculated based on Eq. (39) to
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compare the proposed building-integrated solar-driven configurations and indicate their superiority against

the conventional systems.

SP_ Solar
CDERR = 252" %100 (44)

CDESP

In which CDES? and CDE®S™ are the carbon dioxide emission of separation production and solar-based

systems in kg which are evaluated as, respectively:

CDESP = EDemand X Aelect‘ricty + QDemand X )lheat (45)

CDESOlar = (EBought - ESold) X Aelectricty + (QBought - QSold) X )lheat (46)

Aclectricty and Anea are the CO, emission coefficients equal to 166 kg/MWh and 105.6 kg/MWh, respectively,
for Denmark [29].

3.5. Multi-objective optimization

A multi-objective optimization method is a potent tool dealing with mathematical optimization problems,
including more than one objective to be optimized at the same time. It has been implemented in many
engineering fields, like thermal energy systems, where optimal decision variables should be determined in
the existence of trade-offs between conflictive objectives. Indeed, decision-makers try to minimize the
system cost while maximizing the performance efficiencies or minimizing the cost and environmental
indicators simultaneously in thermal engineering systems. Of all kinds of optimization approaches, the
genetic algorithm is the most robust option because of the highest computation speed and minimum fitness
for the same problem. It also has the best performance in solving problems that other methods are unable

to solve.

In the present study, tri-objective optimization using a genetic algorithm approach is implemented in each
configuration to determine the best operating condition from techno-economic-environmental viewpoints
simultaneously. MATLAB software is applied to each configuration to minimize the total cost rate (Eq.
(43)) and total purchased energy from the networks (Eq. (30)) while maximizing the carbon dioxide

emission reduction rate (Eq. (44)) simultaneously.

4. Results and discussions

The performance, economic, and environmental assessment of each configuration is surveyed using
MATLAB software. Annual and monthly values of techno-economic-environmental indicators are
calculated for a 60-flat complex building in Aarhus to find the best configuration from various viewpoints.

A parametric study was also accomplished to investigate and compare each configuration's variation of
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performance indicators with significant decision parameters. Eventually, the tri-objective optimization
based on the genetic algorithm approach was applied to each configuration to obtain the optimum condition
contemplating performance, economic, and environmental aspects as objectives simultaneously. The

relevant assumptions and operating parameters of every component of each system are tabulated in Table

3.

Table 3. The operating parameters of each subsystem.

Parameter Value
Panel area (m?) 18
Number of panels for the whole building 50
Lithium-ion battery capacity (kWh) 300
Battery volume (m?) 0.77
Heat storage capacity (kWh) 400
Heat storage volume (m®) 5.76
Cold storage capacity (kWh) 400
Cold storage volume (m?) 5.76
Heat pump capacity (kWh) 40

4.1. Time-dependent results

The hourly values of heat and cooling demands for the proposed case study complex building over the
entire year calculated by TRNSYS software are illustrated in Figure 4. According to the figure, because the
heating demand is a function of the outdoor temperature, it decreased from Winter to Summer and increases
in Autumn. Figure 4 indicates that the heat demand varies from the baseload value of 10.04 kW to 196.5
kW. In contrast, since the outdoor temperature increased in Spring and Summer, the cooling load demand
increased. As presented in Figure 4, the cooling load demand reaches up to the maximum value of 101.6

kW in the 4547" hour of the year.
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Figure 4. Hourly variation of heat and cooling demand calculated for the 60-flat complex building over the year

The yearly side-by-side comparison of the total sold/purchased energy to/from networks, total cost, primary
energy saving ratio, annual cost-saving ratio, carbon dioxide emission reduction ratio, and payback period
for each configuration is depicted in Figure 5. According to Figure 5(a), configuration 1 and configuration
2 have the highest total cost of 784,944 $ and 626,834.2 $, respectively, due to the use of battery and heat
pump, two significant sources of investment costs. The figure further indicates that configuration 4 has a
higher total cost of 25,875 $ compared to configuration 2 because of the presence of a cold storage unit.
Figure 5(b) reveals that configuration 1 has the lowest total sold energy to the networks of 87.3 MWh,
indicating the excellence of using PVTC against PVT panels from the performance facet due to the
simultaneous production of heat, electricity, and cooling energy simultaneously. The figure further shows
that the lowest purchased total energy corresponds to configuration 3, which is integrated with the heat
pump providing the heat demand due to the lowest purchased heat from the district heating network. A
higher sold energy and lower purchased energy result in a higher primary energy saving, as inferred from
Eq. (22). Therefore, configuration 3 and configuration 4, comprising PVTC and heat pump with the highest
PESR of 86.9% and 71.1%, respectively, are the best models from the performance facet, as depicted in
Figure 5(c). The figure also demonstrates that configuration 1, with the lowest PESR of 46.3%, is the worst

from a performance standpoint.

Furthermore, the figure shows that configuration 3 and configuration 4 are the most environmental-friendly
systems due to the highest carbon dioxide emission reduction rate of 117.7% and 103.5%. Finally, it can
be obtained that configuration 2 and configuration 4, which are not equipped with battery and heat pumps,

are the most economical option because of the lowest payback period of 6.2 years and 6.3 years. This
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indicates the excellence of the battery and heat pump removal in motivating the building owners to invest

in such systems.
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Figure 5. The comparison of a) total cost, b) sold/purchased energy to/from networks, and ¢) primary energy saving
ratio, annual cost-saving ratio, carbon dioxide emission reduction ratio, and payback period for each configuration

Figure 6 illustrates the monthly comparison of total purchased/sold energy from/to networks for each
configuration. More solar radiation leads to more useful energy absorbed by the panel; therefore, for each
configuration, the value of sold energy to networks increases from January to June up to a specific value
and then decreases from June to December, as shown in the graph. Conversely, by decreasing the solar
availability and ambient temperature from summer to winter, the system dependence on energy networks
increases to supply the building’s demand; hence, the value of purchased energy from the networks
increases for each configuration, as demonstrated in Figure 6. The figure further shows that configuration
3, which is equipped with a heat pump, needs the minimum energy from the networks among all models.
Moreover, while configuration 4, which is integrated with a new method of using a heat pump, has the
highest sold energy to networks, configuration 1, driven by PVT panels, has the lowest sold energy to the

networks in the whole year. According to the figure, while configuration 4 has the maximum sold energy
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of 88.7MWh in June, the maximum monthly purchased energy of 89.9 MWh corresponds to configuration

1 in January.
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Figure 6. Monthly variation of sold and purchased total energy to and from networks for each configuration

A significant indicator to assess and compare the cost-effectiveness of each configuration is the net present
value. The comparison of NPV for each configuration over 40 years is indicated in Figure 7. According to
the graph, configuration 4 and configuration 2 are the best models from an economic standpoint because in
the shortest time (9.4 years), their NPV goes from negative to zero. Also, the NPV of configuration 3 and
configuration 1 will be zero after 10.8 years and 18.6 years, respectively, indicating that the use of the

battery and heat pump is not economically favorable.
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4.2. Parametric study of the system configurations

The effect significant decision parameters containing panel area, heat storage, and cold storage tanks
capacity, and battery capacity on the performance of each configuration is studied and compared by
evaluating their impact on purchased energy, primary energy saving ratio, total cost, annual cost-saving
ratio, payback period, and carbon dioxide emission reduction ratio as techno-economic-environmental

objectives.

Because the panel’s physical characteristic plays a vital role in solar energy conversion, the influence of
the panel area on the performance of each configuration is investigated and compared in Figure 8.
According to Eq. (5), when the panel area increases, the net absorbed solar radiation and the value of net
produced energy (electricitytheat) increase too. Therefore, the system dependence on solar-driven
technologies increases, and the value of purchased energy from the networks decreases, as demonstrated in
Figure 8(a). The figure also indicates that as the panel area increases, PESR increases for each
configuration. This is rational because by increasing the area, the net sold energy increases, and the model's
performance will improve. According to Figure 8(b), the increase in panel area leads to an increase in total
cost, which is not economically favorable. This is reasonable because the panel’s purchased cost increases
as the area increase. The figure also indicates that a higher panel area for each configuration leads to an
increase in ACSR and CDERR because of a lower value of purchased energy from networks. It is noted

that by increasing the panel area, the simultaneous increase in CDERR, which is favorable, and total cost,
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which is not desirable, illustrates the significance of the multi-objective optimization method trying to find

a trade-off between conflictive objectives.

Furthermore, Figure 8(c) shows that when the panel area increases, each configuration's initial investment
cost is reimbursed in fewer years, so the payback period decreases. The figure also indicates that in the
selected range of panel area, due to the lower total cost and payback period of configuration 2 and
configuration 3 compared to the corresponding values of configuration 1 and configuration 3, a favorable
economic condition is achieved by eliminating battery and heat pump. It can be further concluded that
configuration 4, driven by PVTC with a new method of using a heat pump, is the best configuration from
performance, economic, and environmental points of view.
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In Figure 9, the variation of purchased energy, primary energy saving ratio, total cost, annual cost-saving
ratio, payback period, and carbon dioxide emission reduction ratio with heat storage capacity is shown.
According to Figure 9(a), by increasing the heat storage capacity from 200 kWh to 600 kWh, the district
heating network's net purchased heat decreases. Thus, a lower net purchased total energy, and a higher
PESR are achieved. Figure 9(b) demonstrates that as the heat storage capacity increases, the total cost

increases for each configuration. This is justified because the use of a bigger heat storage tank leads to a
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higher investment cost. The figure also depicts that while picking up the heat storage capacity results in a
higher ACSR, the CDERR for each configuration is reduced. Figure 9(c) shows that when the heat storage
capacity increases from 200 kWh to 600 kWh, the payback period's value increases for each configuration
that is not economically suitable. Like the previous figure, configuration 4 and configuration 2 are the best
models from the economic facet due to the lowest total cost and payback period in the whole range of heat
storage capacity. It can also be obtained that configuration 3 is the best option from the performance aspect

standalone due to the lowest purchased energy from the networks and PESR.

--@-—-Bought (1) --a--Bought (3) —0—PESR (1)——PESR (3) --@--Cost (1) --4--Cost (3) —O—ACSR (1) —~—ACSR (3)
--m—Bought (2) —y¢--Bought (4) ——PESR (2/—PESR (4) --B--Cost (2) --}--Cost (4) —I—ACSR (2) —*—ACSR (4)
a) 600 : ‘ ‘ 0 p)oss ; ; ‘ )
— - - ) 0.8}
§ 500 e, e — S ("
e 0.75F
g & e L 2
3 — {2} =
g 400f—— 0L o4
e x
@ k- m g
R ¢ o) o £ 3
= 300} ["® 2
: g
g [
f W
<@
5 200f "
£ M
100 ‘ ‘ ‘ 40 05 ‘ ‘ ‘
200 300 400 500 600 200 300 400 500 600

Heat Storage Capacity (kWh) Heat Storage Capacity (kWh)

--@--PP (1) ——a--PP (3) —O—CDERR (1) —A—CDERR (3)
--E--PP (2)--%--PP (4) —1—CDERR (2) —x—CDERR (4)

C) 10 140

e

sl Xt 3t 3t el 2l Xt g l()‘]°\=
-

PP (year)

200 300 400 500 600
Heat Storage Capacity (kWh)

Figure 9. The variation of a) purchased energy and primary energy saving ratio b) total cost and annual cost-saving
ratio ¢) payback period and carbon dioxide emission reduction ratio for each configuration with the heat storage
capacity

Figure 10 depicts the variation of performance/economic/environmental indicators of configuration 1 with
the battery capacity. The more battery capacity leads to a more possibility of storing electricity, so the net
purchased energy from the networks decreases, and better performance is obtained, as demonstrated in
Figure 10(a). The figure shows that by increasing the battery capacity from 100 kWh to 500 kWh, the
purchased energy decreases from 452.5 MWh to 432 MWh, and the PESR increases from 43.6% to 46.8%.

In contrast, since the purchased cost of battery increases with an increase in battery capacity, the total cost
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and the payback period of configuration 1 will increase from 0.58 M$ to 0.98 M§$ and 7 years to 11.5 years,
respectively, as shown in Figure 10(b) and Figure 10(c). Furthermore, it can be concluded that the increase
of battery capacity from 100 kWh to 500 kWh has a positive effect on the model’s environmental aspect
due to the increase of CDERR from 57.6% to 58.9%. Moreover, the conflictive variation between the
objectives, i.e., an increase in total cost while decreasing purchased energy, discloses the importance of

multi-objective optimization.
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Figure 10. The variation of a) purchased energy and primary energy saving ratio b) total cost and annual cost-
saving ratio ¢) payback period and carbon dioxide emission reduction ratio for configuration 1 with the battery
capacity

The influence of cold storage capacity on configuration 2, configuration 3, and configuration 4, equipped
with PVTC panels producing electricity, heat, and cooling, is presented in Figure 11. According to the
figure, the variation of cold storage capacity from 200 kWh to 600 kWh does not alter the purchased energy
from the networks, PESR, and CDERR considerably for each configuration. The more cold storage capacity
results in a higher investment cost, so the total cost and payback period increase about 0.05 M$ and 5 years
for each configuration as depicted in the figure. Furthermore, Figure 11(b) indicates that by increasing the
capacity, the ACSR of configuration 3 and configuration 4 increase less than 0.4%, which is not

considerable. Finally, same as the previous figures, it can be concluded that configuration 4 and
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configuration 2 are economically superior compared to configuration 3 due to the lower payback period

and total cost in the whole domain of cold storage capacity.
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4.3. Optimization results

The tri-objective optimization based on a genetic algorithm was implemented to each configuration,

considering total purchased energy from the network to be minimized, carbon dioxide emission reduction

rate to be maximized, and the total cost to be minimized as objectives. The logical domain of significant

decision parameters, including panel area, battery capacity, heat, and cold storage tank capacities, are

tabulated in Table 4.

Table 4. The domain of significant decision parameters of each configuration

Parameter Lower bound Higher bound
Panel area (m?) 8 20
Battery capacity (kWh) 100 500
Heat storage capacity (kWh) 200 600
Cold storage capacity (kWh) 200 600
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Figure 12 demonstrates the Pareto frontier diagram of net purchased energy, CDERR, and total cost for
each configuration. According to the figure, the ideal point is defined as the conjunction of minimum total
purchased energy from the networks, maximum CDERR, and minimum total cost. Because the ideal point
is not on the Pareto curve, of all optimum points, the nearest one with the lowest normalized distance is

chosen as the most favorable solution (best point).
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Figure 12. Pareto frontier diagram of carbon dioxide emission reduction rate, purchased energy, and total cost for a)

The two-dimensional Pareto projection of carbon dioxide emission reduction rate purchased energy and the

configuration 1, b) configuration 2, ¢) configuration 3, and d) configuration 4

total cost is illustrated in Figure 13 to better comprehend the Pareto frontier diagram.
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Figure 13. Two dimensional Pareto projection of carbon dioxide emission reduction rate, purchased energy, and
total cost for a) configuration 1, b) configuration 2, ¢) configuration 3, and d) configuration 4

Table 5 indicates the details of tri-objective optimization results comprising the optimum value of
objectives and design parameters at the best point. The optimization results are obtained for the entire year,
i.e., 8760 hours. According to the table, compared to the base case, a higher CDERR, ACSR, and PESR
and lower purchased energy and the payback period is achieved at the best optimization point, disclosing
the significance of tri-objective optimization. The table further shows that at the optimum condition,
configuration 3 is the best model from a performance aspect due to the lowest purchased energy and higher
PESR. Besides, it can be concluded that configuration 4, with the lowest total cost and payback period and
highest ACSR, is the best, most favorable option from an economic viewpoint. In contrast, the table
indicates that configuration 1, which is equipped with a battery, is the worst system from all facets due to

the highest total cost and payback period and lowest ACSR, PESR, and CDERR.

Table 5. Tri-objective optimization results for each configuration.

Optimum parameters Configuration 1 | Configuration 2 | Configuration 3 | Configuration 4
Panel area (m?) 17.1 16.3 159 15.6
Heat storage capacity (kWh) 5434 538.3 393.3 459.5
Heat storage volume (m®) 7.8 7.7 5.6 6.6
Cold storage (or battery*) 118.8* 219.6 201.1 212.3
capacity (kWh)
Cold storage (or battery*) 0.3* 3.1 2.8 3.1
volume (m?)
PESR (%) 53.7 63.2 91.5 78.9
ACSR (%) 95.6 97.5 100.4 100.9
PP (year) 8.9 6.1 6.8 6.1
Total cost ($) 717696 596400 661360 590160
CDERR (%) 69.5 95.2 128.6 112.7
Purchased Energy (MWh) 415.5 472.6 170.9 318.5
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5. Conclusions

In this study, the feasibility of a novel smart energy building system with the maximum possible energy
efficiency, reliability, and cost-effectiveness for the building proprietors and the energy suppliers is studied.
The target is achieved by eliminating the battery and minimizing the heat pump capacity, proposing the
two-way interaction of the building with energy networks, replacing the PVT panel with PVTC, and using
large-enough cold/heat storage units. For proving the proposed solution’s proficiency, three more
configurations as the most serious competitors of that (mainly those driven either by PVTC or PVT panels
and interacting with the electricity grid and district heating and cooling (if any) networks) are considered
for techno-economic benchmarking. The analysis and comparisons are made, taking Danish energy system
rules, prices, and regulations for a 60-flat complex building as a case study. MATLAB software is applied
to model and compare the performance of all the configurations from techno-economic-environmental
aspects. Multi-objective optimization based on a genetic algorithm approach is applied to each
configuration to find their best operating condition. The influence of significant decision parameters
comprising panel area, heat, and cold storage tanks, and battery capacities on the performance of each
configuration is examined and compared by evaluating their impact on the required external support,
primary energy saving ratio, total cost, annual cost-saving ratio, payback period, and carbon dioxide

emission reduction ratio. In summary, the main conclusions of the present work are as follow:

e The proposed solution (configuration 4, the one driven by PVTC with an innovative method of
using heat pumps) is the best option among all due to its very short payback period of 6.3 years and
higher primary energy saving rate and carbon dioxide emission reduction rate of 16.6% and 21.6%,
compared to configuration 2.

e Totally removing the heat pump from this configuration (reaching configuration 2) would make
the system very slightly more cost-effective (6.2 years of payback duration instead of 6.3 years)
but less resilient/ and self-sufficient. In this case, if there is no access to an immediate auxiliary
source or district heating/cooling network, the system would absolutely fail in covering the thermal
energy demand of the end-users.

e Configuration 1, driven by PVT, has the lowest sold energy, primary energy saving, and carbon
dioxide emission reduction rate compared to the other configurations equipped with PVTC,
indicating the excellence of multi-generation electricity, heat, and cooling.

e The worst option from the economic facet is configuration 1, which is integrated with battery due
to the highest total cost, annual cost-saving rate, and the payback period of 784,944 $, 87.3%, and

9.3 years, respectively.
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e Configuration 3, equipped with a heat pump, is the best model from a performance aspect because
of the highest primary energy saving and lowest purchased energy from the networks. However, it
is not economically favorable due to the higher total cost and the payback period of 96,914.2 §,
71,039.2 $, 0.7 years, and 0.6 years compared to configuration 2 and configuration 4.

e At the tri-objective optimization point, while the carbon dioxide emission reduction rate, primary

energy saving ratio, and annual cost-saving ratio of each configuration increase, the purchased

energy and payback period decrease compared to the design condition.

Appendix A. Normalized Pareto diagram

Normalized Pareto frontier diagram of net purchased energy from the networks, CDERR, and total cost for

each configuration are presented in Figure Al to find the best point among all the optimum points.
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Figure Al. Normalized Pareto frontier diagram of carbon dioxide emission reduction rate, purchased energy, and
total cost for a) configuration 1, b) configuration 2, ¢) configuration 3, and d) configuration 4
Appendix B. Scatter distribution
Scatter distribution is demonstrated in Figure B to illustrate better each configuration's optimum domain of

significant decision parameters. The figure indicates that the panel area and heat storage capacity are not
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sensitive parameters since all of the optimal points are dispersed in the whole domain. From the figure, it
can be further concluded that the optimum points of cold storage capacity are dispersed between 200 MWh
and 400 MWh, where more points are close to the lower bound, i.e., 200 MWh.
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