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Abstract 
Hydrogen technology is o en quoted as part of the solu on when talking about the transi on 
to renewable energy sources. However, as of now it has major downsides that hinders its 
adop on and its compe veness. Mainly, this is its low associated efficiencies, and expensive 
hardware. 

Major improvements are however expected in the coming decades, both in cost and efficiency. 
This thesis inves gates the contribu on that heat recovery (HR) can bring through district 
hea ng networks (DHNs), and to what degree this can increase performance for H₂ technology 
in two different contexts: Grid-level energy storage, and a fuel produc on facility. 

The first: Large scale grid-level energy storage, will be necessary in the future along with the 
transi on to non-dispatchable energy sources. While Li-ion ba eries will likely dominate this 
space, it is s ll interes ng to look into alterna ve methods, as filling the large global need for 
energy storage with ba eries only raises ques ons regarding sustainability. 

It was found that an H₂ energy storage and CHP (combined heat and power) facility would likely 
not be feasible around 2030. Component costs would have to drop considerably more than what 
is predicted to do by that me. However, if the circumstances does arise where it is economically 
profitable, it was found that adding heat recovery can increase performance by about 25%. This 
was found for a pessimis c heat price based on the equivalent cost of producing the heat with 
heat pumps. Which means that this 25% increase can be considered an absolute lower-end 
es mate. This could be a "make or break" addi on for this poten al applica on for H₂ 
technology, even if DHN heat-pricing is heavily reduced by policies. 

For the transporta on sector on the other hand, IEA reports that H₂ will stand for a sizeable share 
of aerospace and shipping energy, and ba eries are not predicted to enter this space (except for 
a couple percents of total energy use). Here, it was interes ng to inves gate if recupera ng 
energy costs through HR on fuel produc on could increase its compe veness. 

It was found, that for Joule-based heat pricing, the recuperated cost was slightly lower than the 
heat output share of total system energy-input including DHN losses. Ending up at 11% to 18%. 
However, for COP-based heat pricing, the case study found that the earnings were reduced to 
about 4 - 7% (depending on system efficiency). Although the la er scenario is quite pessimis c 
in regard to heat pricing, it was concluded that HR from electrolysis will likely not be a very 
decisive economic factor regarding H₂ fuel produc on. But it was found that it would likely 
warrant its own cost of implementa on by a comfortable margin, both from economical and 
societal perspec ves.  
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1 Introduc on 
1.1 Fundamental background 
As measures will be taken to mi gate climate change, there will be a large “energy transi on” 
from fossil fuels to renewable energy sources. These energy sources are non-dispatchable. We 
cannot release their energy at the me of consump on (as with coal, gas, and hydropower etc.). 

Figure 1-1 below shows Shells prognosis for the future global energy need by power source. It 
indicates that eventually solar and wind will cons tute roughly half of produced energy world-
wide. Naturally, this will vary by country, and the share of non-dispatchable energy sources will 
be higher in some countries, and lower in others (w. examples/details in sec on 2.1). 

 

Figure 1-1: Shells prognosis for global energy need. Data aggregated from Shell's Sky Scenario. Image Credit: Lecture 
by Håvard Karoliussen for the course "TFNE3007 Renewable Energy" at NTNU. [1] 

Once non-dispatchable energy sources (e.g., solar and wind) becomes dominant in the power 
genera on sector, this will bring with it a need for large scale energy storage, in order to balance 
supply and demand. Supply equalling demand at all mes, is a requirement for a func oning 
power grid. The exercise of ensuring this, is called “supply-demand opera ons”. The IEA (the 
Interna onal Energy Agency) states that a rapid scale-up of energy storage is cri cal in a 
decarbonized electricity system” [2]. 

As of today, pumped hydropower is the most widely used method for grid-level energy storage. 
However, its poten al is limited and geographically restricted. IEA state that (electrochemical) 
“ba eries are the most scalable type of grid scale storage and has seen strong growth in recent 
years”, and, they are “catching up to pumped hydro” [2]. They men on that other technologies 
include gravita onal and compressed air, but that they “play a small role in current power 
systems”. Hydrogen is men oned as an emerging technology with “poten al for seasonal 
storage”. As for the state of progress, they say: 

“While progress is being made, projected growth in grid-scale storage 
capacity is not currently on track with the Net Zero Scenario and requires 
greater efforts [2].” “While progress is being made, projected growth in 
grid-scale storage capacity is not currently on track with the Net Zero 

Scenario and requires greater efforts [2].”  

In addi on to a transi on in energy sources, one of the more challenging fron ers for a 
decarbonized energy sector, is the transporta on sector. Here, development is happening 
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rapidly, for example by li-ion ba ery-based passenger vehicles. However, in some areas of 
transporta on, they are not technologically suitable (See sec on 2.2 for details and sources). 

Both when it comes to energy storage and transporta on, li-ion ba eries will be a 
large/dominant part of the solu on [2]. However, as will be discussed, some issues arise in 
certain scenarios regarding sustainability regarding energy storage. And for transporta on, they 
will not be technologically feasible for the most energy-intensive applica ons. 

The idea for this thesis, stems from a desire to look into alterna ve solu ons to solve these 
problems. In par cular, hydrogen will be considered. However, a downside of H₂ technology is 
its low efficiency compared to ba eries. A way to partly remedy this, would be to u lize the 
significant heat by-product. 

This thesis will study the effects recovering and u lizing the heat by-product from hydrogen 
produc on and consump on, in order to assess its impact. The central ques on of the thesis, 
becomes: 

To what degree can recovery of the heat by-product remedy the low 
efficiency of hydrogen technology? 

This will be inves gated in an economical sense. The efficiencies themselves are well researched 
and published. But to what degree they affect system performance economically, less so. In this 
thesis, the measure for the contribu on of HR is defined as: 

 Δ𝐾 . = 𝐾 . . − 𝐾 . .  (1-1) 

Where Δ𝐾 .  is the change in money spent on energy, by implemen ng heat recovery 
(HR) on the system. The right-hand side 𝐾 values being the expenditures on electrical energy 
without and with HR respec vely. The “contribu on of HR”, is the difference between the total 
energy cost for a system without HR, and one with HR. 

This must however not be mixed up with overall “system performance”, which in the case of 
energy storage, is the profits from selling energy for more than it was bought for. How much this 
value is changed by adding HR, is treated as the “contribu on” of heat recovery, or the “value” 
of HR. 

This will be inves gated for two types of applica ons. The first being energy storage, and the 
other being hydrogen produc on for the transporta on sector. Each described further in 
sec ons 1.2 and 1.3. 

For each of these applica ons, three representa ve years of pricing varia ons will be examined, 
to establish effect this has for each applica on. The two applica ons are however different in 
this regard. Low pricing varia on is for example detrimental to an energy storage system, but not 
as directly important for the value of HR in fuel produc on. 

The hydrogen technology also will be examined in two different states. “Predicted peak 2030 
efficiencies” will be used in one case, but “peak 2023 efficiencies” will also be examined. The 
la er both represents how today’s technology would perform and gives a more conserva ve 
outlook on achievable efficiencies. It is also simultaneously meant to give an impression of how 
2030 hardware will perform a er years of service when its components has degraded. H₂ tech, 
much like ba eries, degrade based on throughput and cycling over the years. Which increases 
the importance of HR towards their end of life. 
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1.2 Background on energy storage, and H₂ storage and CHP introduc on 
While ba eries are predicted to be the dominant technology in this space, it also has some 
drawbacks. Lithium-ion ba eries are the preferred ba ery type for grid-level storage at the me 
of wri ng [2]. However, a very large increase in demand for these ba eries will put a strain on 
supply chains and bring with it challenges when it comes to the sustainability of their produc on, 
as well as their inevitable recycling or disposal. The mining of ba ery raw materials have large 
sustainability/climate impacts, and recycling them is difficult [3], [4], [5]. 

This provides a mo va on to explore alterna ve technologies that may off-load the amount of 
li-ion ba eries needed to be produced in the future. 

One future op on for this is flow ba eries. A poten ally promising op on among these is VFR 
(Vanadium Redox Flow) ba eries. Reasons include their ability to de-couple power and storage 
capacity, poten ally higher cycles lives and poten ally advantageous in sustainability and cost-
efficiency for certain applica ons [6]. They are however yet on a research stage, so how well they 
can achieve such characteris cs is to be seen in the future. 

A weakness they have is lower round-trip efficiencies than Li-ion (Lithium-ion) ba eries. Li-ion 
ba eries usually have round-trip efficiencies around or above 90% (at beginning of life, before 
degrada on) [7], [8, p. 5]. The efficiencies of VFR ba eries vary greatly according to different 
sources, but kW-class systems are stated to achieve a round-trip efficiency of 57 – 75% [6]. 

Another poten al op on is H₂ storage. This op on has an even lower round-trip electrical 
efficiency (ref. sec on 4.2.6). However, H₂ has a be er poten al for heat recovery. H₂ 
components have higher opera ng temperatures, for example around 80°C. Whereas a VFRBs 
operate effec vely at temperatures of 10 to 40°C [9]. 

What this thesis will focus on, is to what degree heat recovery for an H₂ energy storage and CHP 
system can compensate for its low electrical round-trip efficiency. How much it will increase its 
performance, so that this may be taken into account when comparing it to VFRBs and Li-ion in 
the future. This is not as straigh orward as finding out the round-trip efficiency. It will be a study 
where the economic performance of the system will be evaluated across different example years 
of electricity pricing, and also considering the value at which the recovered heat is sold. More 
on this below a er presen ng the layout of the system. 

An H₂ Energy Storage System, would consist of an electrolyser (spli ng water into hydrogen and 
oxygen), a compressor (op onally, but likely necessary, to avoid oversized tanks), hydrogen 
storage tanks, and a hydrogen fuel cell (producing electricity from the stored hydrogen). In this 
case, both the electrolyser and fuel cell would have a significant loss of energy to heat. 

Research demonstrates that a large por on of this heat energy can be recovered using water as 
a medium [10], [11]. The energy flow of such a system is shown in Figure 1-2 below. This is what 
will be referred to as a “Hydrogen storage and CHP system”. It may also be referred to as a HESS 
(“Hydrogen Energy Storage System”) throughout this text. 

The most promising hydrogen technology on the market today, revolves around proton exchange 
membrane (PEM) technology. With PEMEL (PEM electrolysers) and PEMFC (PEM fuel cell) 
devices respec vely. As of the me of wri ng, examples of these technologies demonstrate 
electrochemical and electrical efficiencies of 63% and 56% respec vely. 

The round-trip electrical efficiency of an energy storage system based on these components 
could be as low as 31% with 2023 components (ref. sec on 4.2.6). However, with heat recovery, 
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sources claim it could be increased again to around 95% one-way efficiencies for the electrolysers 
and fuel cells respec vely [10], [11]. While most sources men oned figures in this area, this does 
however not paint the full picture. As case study results will present, the true RTE (round trip 
efficiency) is considerably lower. It includes addi onal losses such as BOP (Balance of Plant: 
Everything required to run the system excluding the genera on unit) for the electrolyser, 
compression energy and DHN (district hea ng network) losses. More so, the 95% efficiency with 
HR that is quoted for fuel cells, is for the LHV (lower hea ng value) energy contents of H₂. Which 
are 15% lower than the HHV (higher hea ng value) H₂ output of the electrolyser. 

 

Figure 1-2: Hydrogen energy storage and CHP. (Simplified/basic layout) 

The electrical round-trip efficiency itself of H₂ components is however predicted to increase 
significantly. (Sec on 2.5-2.8 contains a detailed review of H₂ tech. with sources). Electrolysers 
increasing their already high efficiency by 11%, and fuel cells increasing theirs by 20%. (Sources 
and calcula ons on efficiencies are found throughput, in sec on 2.5 - 2.7,  4.2 and Appendix B.) 

Many countries have a majority of energy demand going towards heat (e.g. the UK with 80% of 
domes c energy usage being heat) [12]. This means there is ample room for u liza on of this 
heat by-product, with the notable excep on of summer months. 

However, even if an H₂ system can greatly increase its round-trip efficiency through HR, a major 
set-back for the value of this heat by-product, is that heat can be acquired more efficiently or 
“inexpensively” if the energy is in the electrical form (e.g., with ba eries). This is through the 
use of heat pumps, for which one can put e.g., 1 kWh electrical in, and get 3 kWh of heat out. 
This has major implica ons of the value of recovered heat and is something that will be 
inves gated, on the basis of suggested pricing policies for DHN heat. 
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To what degree the heat recovery can remedy the low efficiency of hydrogen technology, then 
becomes a complex ques on depending on several factors. Such as heat pricing (linked to the 
varying COP of heat pumps), the available heat uptake poten al, what capaci es can be afforded 
for a certain CAPEX (ini al capital expenditure on components), and how well these capaci es 
can be adapted towards the available price-fluctua ons on electricity. 

Adap ng system capaci es to an op mal configura on is relevant to the system’s ability to 
achieve good performance, as well towards how high the contribu on of HR will be. The effect 
of the la er is not necessarily large, but it is no ceable, and its extent is varying. 

As men oned, the single, simple measure of the systems performance will be the profits, or the 
“money saved”. Earnings from selling energy, minus the expenditure of storing energy. It can also 
be viewed as the “money saved” in terms of the total energy expenditure of the district itself. 
Since the H₂ system is connected to a certain district through a DHN, the usefulness of the system 
can be presented as the profits, divided by the total would-be energy costs for that districts 
without any storage. 

This thesis will however not lay out any market considera ons around how such a system might 
work. The goal here is to find the performance poten al of the H₂ technology in this applica on, 
and how much HR increases it. Whether it is viewed as “money saved” or “profits” is arbitrary 
for this purpose, but due to how things were imagined around this in the early stages of the 
projects, performance might be referred to as both “money saved” or “profits” throughout this 
paper. 

The performance by this measure is a proxy for how useful the system is, when it comes to future 
needed supply-demand opera ons. This is an interpreta on from that varia ons in electricity-
prices themselves are a proxy for supply vs. demand. 

 

Figure 1-3: DHN layout for case 1. Credit for “House icon” SVG-file: OpenClipart [13]. 

The way the model will quan fy this performance, is by se ng up a case study where the system 
serves a district, which it is connected to by a district hea ng network. Specifically, a “distribu on 
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network”, which is a sub-network of the full city-scale network. This will be the first case-study 
of this thesis. The “money saved” will be found for the HESS, and the results with and without 
HR being implemented will be used to determine the “value of HR” or “HR contribu on”. 

What will be modelled to obtain these results, is the “distribu on network” visualized in Figure 
1-3 above. No ng, that the figure is only showing the DHN/heat part. Electricity is also included, 
but now shown in the figure to keep things un-clu ered. The op miza on model will consider 
the energy flows to the houses, from the HESS as well as the electricity grid and DHN 
transporta on network. 

The envisioned scenario for this case, is a future se ng in the UK as the na on goes towards a 
zero-carbon by 2050 goal. Reasons for this include its expected high future share of non-
dispatchable energy genera on, and thus high variability in electricity prices, coupled with its 
high hea ng demand and good prospects for DHN adop on. (See sec on 2.1.1 for details 
including sources). This makes it a highly relevant loca on for such a system. 

1.3 Background for H₂ in the transporta on sector and intro to second case study 
One part of the energy sector that will be a challenge to decarbonize, is the transporta on sector. 
Ba eries will also be dominant in certain parts of this sector, and are star ng to show success 
for example in electric passenger vehicles [14]. However, for some of the more energy intensive 
transporta on applica ons, ba eries are not capable of delivering the required performance in 
the foreseeable future. IEA presents in their “Net Zero Roadmap” that H₂ and H₂-based fuels (e.g. 
Ammonia) will stand for 63% of shipping energy and 37% of avia on energy in 2050, while they 
an cipate “electricity” standing for 3% of energy use in this space [15]. 

Solid state ba eries can however poten ally change the prospects for ba eries in some select 
high-energy applica ons. This includes the applica on considered in the second case study of 
this thesis, which is passenger express-boats. SSBs does however have a very long expected way 
towards being ready for mass market adop on, and to what degree they will allow ba eries to 
become capable for various energy-intensive applica ons remains to be seen. Due to their 
possible interference with the relevance of case 2 though, they will be discussed in detail in 
sec on 2.3.2. 

In general, however, ba eries struggle to keep up in highly energy intensive tasks. These 
applica ons, include various forms of shipping, aerospace, and long/heavy haul cargo trucks 
[16], [17], [18], [19]. In general: Transporta on types that have high sustained power 
requirements, where high weight is a large disadvantage, and especially where frequent charging 
or switching of ba eries is unfeasible or undesirable. 

Hydrogen on the other hand, provides very high energy densi es, making it suitable for these 
applica ons. It is thus men oned as a leading op on for their decarboniza on [16], [17], [18]. 
However, H₂ as fuel lags far behind in market adop on compared to ba eries. Reasons include 
pricing of hardware, and in some cases possibly safety considera ons too. But a major reason, is 
the inefficiency associated with hydrogen components. A rela vely small part of the energy put 
into H₂ can be u lized, compared to ba eries. This raises the cost of fuel produc on, and the 
total energy amount that is needed. 

As men oned, both cost and efficiency performance for H₂ are expected to improve. Fuel cells 
will have the highest rela ve improvements, making H₂ powered vehicles more efficient. 
Electrolyser on the other hand are quite efficient, but their efficiency also drops with degrada on 
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over their life me. It is thought, based on later findings (Ref. sec ons 2.5 - 2.8, 3.3 and Appendix 
B) that HR will remain relevant for them for the foreseeable future. 

On the background of this, this thesis will look at the role heat recovery can have in reducing the 
cost of hydrogen produc on. The mo va on for this, is that it might contribute to lowering the 
adop on threshold for hydrogen produc on. 

This will be done through a case study, regarding a express boat route in Norway for which H₂ 
boats were considered (as the only zero-carbon alterna ve) in 2024. The H₂ op ons were 
however not chosen. It was found interes ng to examine what degree HR could lower fuel 
produc on costs towards for the next express boat contract in about a decade (or longer).  

 

Figure 1-4: Aero. Hydrogen fast ferry concept by "Brødrene Aa" in 2019. Image Credit: Braa.no [20]. 

Norway can also be seen as a likely place for early H₂ adop on in general, due to historically 
cheap and clean electricity, and poli cal forces that are likely to emphasize the decarboniza on 
of the transporta on sector. Which is one of the country’s energy sectors with a high share of 
non-renewable energy. In contrast to their very low carbon electricity produc on and domes c 
energy sectors [21], [22]. 

The case study will look at how heat recovery of H₂ produc on could contribute to the poten al 
decarboniza on of passenger express-boats in central Norway. It will quan fy the energy 
expenditure of a poten al large-scale hydrogen produc on facility, and to what degree heat 
recovery can decrease this. 

Hydrogen boats (Figure 1-4) were considered for the express-boat route in a 2019 proposal for 
the 2024 contract. But diesel-electric hybrids that s ll retain a pollu on rate per passenger-km 
higher than flying were chosen. Reasons H₂ was s ll not chosen despite being the only zero-
carbon op on, may include considera ons around H₂ produc on. 

This thesis aims to quan fy the contribu on of heat recovery, in case it may be a relevant 
considera on towards the announcement of the next speed boat contract in about a decade (or 
more). At which point, transi oning to using H₂ as fuel might be a more valid op on than it was 
in 2019. The energy flow in a fuel produc on facility with HR is illustrated in Figure 1-5 below. 

An early idea in the project, was to consider the combina on of a HESS and a fuel produc on 
site into a combined facility. This would be an interes ng combina on, regarding only the fuel 
cell with HR and op onally some more storage would need to be added onto the already exis ng 
H₂ produc on facility. While this is an interes ng proposal, it was however chosen to look at 
either applica on by their own for this thesis. 
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Figure 1-5: Energy flow for case study 2 

 

Figure 1-6: DHN of Case 2.Credit for “House icon” SVG-file: OpenClipart [13]. 

1.4 Scope of the thesis and the case studies 
As men oned, the scope is to find the contribu on of HR, for the two different H₂ applica ons. 
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The underlying mo va on for the thesis, is the ques on whether H₂ technology can possibly be 
compe ve economically, or in terms of sustainability, compared to ba eries. And thus, whether 
they can be a valuable contribu on towards implemen ng a zero-carbon energy sector. 

However, this would a very large area of work, including in depth technological analysis, LCA 
studies and much more, over a large span of technologies and fields. In order to narrow down 
the thesis, it was chosen to focus on the “value of HR” alone. In short, the thesis will provide 
performance results for the H₂ systems, with emphasis on “difference in performance by adding 
heat recovery”.  

Importantly, it is hard to judge this as future heat pricing schemes for DHN is hard to predict. 
Thus, the thesis will provide the above in two scenarios on this front. There will be a worst-case 
scenario, where heat pricing is heat pump based. I.e., based on the cheapest alterna ve method 
of acquiring heat. Then there will be a best-case scenario, where heat pricing is based on resis ve 
hea ng. 

Neither of these are however completely realis c. Resis ve hea ng-based heat-cost (which for 
example is used in Norway today) is likely to be rendered un-compe ve by heat pumps. But 
heat cost reduced to the equivalent of acquisi on by heat pump, is also not seen as fair by DHN 
providers, as the cost of acquiring a heat pump itself should be taken into account, for example 
with some kind of DHN grid tariff [23]. 

The thesis will not answer these market ques ons (which is up to policymakers). But the worst 
case and best-case scenario will be presented in order to give an overview of the impact that 
heat costs lowered by heat pump COP would have to the value of heat recovery. 

In addi on to finding the HR contribu on for different heat prices, the results will also be 
presented for different electricity-prices, and for different states of H₂ technology, in order to 
give a complete picture for the value of HR, depending on varying factors. 

This will be done for both a HESS (Hydrogen Energy Storage System), and for a hydrogen 
produc on and fuelling facility. This will be case-study 1 and 2 respec vely. Lastly, a conclusion 
will be made regarding the importance of HR in each scenario. 

The scopes of the individual case studies are stated below. 

1.4.1 Scope of the first case study 
The scope of the first case study is as follows: 

- Establish what H₂ component tech. that is likely to be used for this applica on. 
- Establish and calculate efficiency levels and heat recovery ra os for H₂ components, 

including compression energy and BOP-losses. For both 2023 and 2030 states of tech. 
- Implement a linear op miza on model for the charging/discharging behaviour of such 

a system, that returns the “money saved” of the system. And find realis c parameters 
(data) and circumstances around which to set up the model. 

- Establish cost es mates/func ons for all throughput-related components (electrolyser, 
compressors, storage tanks and fuel cells). 

- Implement a method/algorithm to automa cally find an op mal combina on of system 
capaci es, based on which capacity configura on performs best for a given (constant) 
CAPEX. This op mal configura on is considered a “realis c/relevant” one to find the HR 
contribu on for. 
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- Use the model and capacity op miza on algorithm  to find the theore cal performance 
roof for the H₂ system, with and without HR. 

- Present the results (with emphasis on the delta between HR and no HR), for a range of 
relevant scenarios. 

The above will be done for a range of scenarios. The mul tude of which may be a bit over-
whelming to keep track of. But in short, the following will be considered: 

- Two different pricing regula ons for DHN hea ng. Joule-based and COP based. These 
will be presented separately. Within each of these, the following will be presented. 

- Three pricing years. 2019, 2022 and 2023. Rela ve to each other, these represent low, 
high, and medium price-vola lity. 

- Two states of H₂ technology. Peak 2030 efficiencies, and peak 2023 efficiencies. The 
la er also represen ng what a degraded 2030 system can look like. 

One thing to point out here, is that all scenarios will have their own op mized set of system 
capaci es. Each result for case 1, will represent the op mal H₂ system for that specific scenario. 
This is because the scenarios are thought to represent different future energy market states. 
2019 is represents rela vely stable pricing. 2022 represents high seasonal varia on. And 2023 
has high monthly/daily varia on while somewhat frequently dipping below zero. 

The scope is also limited when it comes to the actual degrada on of the H₂ system. Degrada on 
of ba eries is well researched, but H₂ components less so (especially in the type of opera on 
that it does here). Their component lifespans are quite high but start/stop cycling poses nega ve 
effects (ref. sec ons 2.5-2.7). However, it was considered “too large a scope” to include 
modelling that here. Instead, two reference points (2023 and 2030 efficiencies) were examined 
instead. 

A direct comparison to Li-ion systems in the results will not be or emphasized, as it was not found 
feasible to do an in-depth “apples to apples” comparison with the me and resources at hand. 
But comparable Li-ion systems will be introduced in the theory chapter, and their results (in the 
op miza on model) will be shortly men oned. 

1.4.2 Scope of the second case study 
The scope of the second case study differs somewhat. It goes as follows: 

- Establish an updated fuel requirement of the express boats for ~2035. 
- Establish the technology to be used in the H₂ produc on and fuelling sta on and 

find/calculate the heat by product ra o. 
- Implement a version of the linear op miza on model for this case, find suitable 

parameters for it, and establish reasonable parameters and assump ons around the 
case. 

- Establish a realis c set of system capaci es for the H₂ facility. 
- Find the savings on energy costs for fuel produc on that sale of heat energy can recover. 
- Do this for the same range of scenarios as case 1: Two heat-price policies. Three pricing 

years, and for 2030 to 2023-levels of efficiency. 

Early in the thesis, a more in-depth analysis of the mechanical side of things, was also considered. 
This included analysing the heat flow in an electrolyser (of which there would be several types 
to analyse, for some of which there was li le research/informa on to go from). And, using the 
op miza on model charge-state results as a basis for a FEA fa gue life analysis on the tanks etc. 
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However, it became clear that all of this would make the thesis scope too large/wide, and also 
be a bit off-topic, with the main focus of the thesis being HR. So, this fell out of the scope and 
into further work. 

1.5 Limita ons 
The somewhat dual nature of the thesis (H₂ technology review + op miza on modelling), to 
some degree hampered the depth gone into each area. 

If the thesis was more purely op miza on modelling, a more advanced implementa on of the 
DHN efficiency could for example have been a empted. If the thesis was more focused on the 
mechanical side of things, then maybe a more in-depth physical approach to the analysis of 
energy flows for components, including looking at more types of electrolysers (such as SOEL) 
could be done. However, a compromise had to be done to make the scope achievable. 

Another thing that was somewhat limi ng, was not yet available informa on around some 
relevant subjects. For example, sparse literature on SOEL with HR. This prevented looking into 
higher DHN temperatures. However, this was likely not that relevant a er all. Another example 
was unreliable predic ons on the cost of EHC (electrochemical hydrogen compression). 

Due both of the paragraphs above, quite a few es mates had to be done around technological 
and economical aspects, that could have been more well founded if it was not for these 
limita ons. But they were backed up as well as found possible at the me of wri ng. And the 
possible inaccuracies were mostly found to likely not be very crucial regarding the accuracy of 
the final HR-related results. If the cost of EHC was miss-judged however, the results could 
possibly be skewed somewhat by this. This also holds for the assump ons regarding heat pricing. 
However, it is stated that the COP-based pricing is considered a “pessimis c scenario” for HR. 

A lot of assump ons also had to be made regarding the setup of the case studies in order to set 
them up at all. This was seen as acceptable, because the goal was to find the “poten al of HR” 
in future set scenarios. This did not require using exact modelling of exis ng buildings or DHN 
infrastructure etc. A more generalized approach was taken. However, if such detailed data were 
more readily available, this would have opened up for more exact modelling of the DHN part for 
example. Making things less limited in that sense. That being said, the data that was used was 
seen as suitable, and not limi ng accuracy when taking the goal and scope at hand into account. 

All in all, to do this study down to the most fine detail as possible, would have required a large 
team of engineers and years of me. But me and personnel (in this case just 1) were limited. 
This thesis is an a empt at a good compromise between resources (e.g., literature, available 
research, and data), me, and accuracy.  
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2 Theory 
This chapter presents informa on regarding several areas relevant to the thesis, including: 

- Elabora ng on thesis background (w. extensive sources) and relevant energy markets 
- H₂ components. Electrolysers, compression, storage, and fuel-cells. 
- DHNs, ba eries, and heat pumps 
- Concepts around stored energy for a HESS, from a mathema cal point of view. 

2.1 Case study energy markets 
First, a discussion on energy markets related to the two case studies. This includes the presented 
pricing years, which are highly relevant for interpre ng the results of the coming case-studies. 

2.1.1 The energy market and the price vola lity of electricity in the UK 
Electricity pricing varies due to many factors, and when non-dispatchable renewable sources 
take over (as discussed in the introduc on), the vola lity in pricing is expected to increase. In the 
UK there is as of now an ongoing “energy crisis” which increases the vola lity. It started in 2020, 
and is predicted to last beyond 2030 at least [24]. 

Beyond 2030 is also when renewable power genera on and large scale energy storage should 
become widespread, according to the na ons sustainability targets towards 2030 and zero-
carbon goal towards 2050 [25], [26]. Thus, prices might become even more vola le. This space 
is however seen as quite unpredictable. 

The UK has an “expected high future share of non-dispatchable energy genera on” and will thus 
have a large need for energy storage and high price vola lity once fossil fuel powered electricity-
genera on is phased out. 

The dispatchable zero-carbon sources in work in the UK today, are nuclear and a very small 
amount of hydropower. Contribu ng 15% and 2% of the electricity genera on respec vely [12]. 
The poten al for increasing hydropower is however low, and nuclear power is quoted as likely 
to decline in the short to medium term [27]. 

Once fossil fuels are to be phased out, this leaves a large gap in the power genera on demand, 
that will likely be filled by a combina on of solar, wind, and possibly to some degree biofuels (as 
per sec on 1.1). 

The above cons tutes the background for the UK being chosen as the loca on for the case study 
about energy storage. It is also the background for running the case study on three different sets 
of electricity prices. Hourly data for 2019, 2022 and 2023 are used. See Figure 2-1 below. 

2022 represents a year of extreme price vola lity, even compared to other years in the “energy 
crisis”. 2019, represents low price vola lity from before the energy crisis. No ng that informa on 
in the preceding paragraphs, may be seen as indica on that this will not be representa ve for 
actual future scenarios. It is however included for reference. The 2023 electricity prices are 
somewhat of a middle ground, with higher prices, with similar ra os to 2019 in periods. However, 
with sporadic dips down towards or even below zero. (See Figure 2-1 below). 

How price vola lity will look in the future is hard to predict. 2019 and 2022 is in this thesis used 
as lower and higher extremes. However, whether the vola lity will be in between them, or 
poten ally above that of 2022 in the future energy market, is uncertain. 
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It is largely the ra o between lower and higher pricing is paramount for an energy storage 
system. Notably, the 2022 set has large seasonal varia on. Which one might postulate to be the 
case in a future where the majority of power comes from wind and solar. 

 

Figure 2-1: Electricity Prices for the UK in 2019, 2022 and 2023 [GBP/kWh] [28], [29] 

An assump on done for the first case study, is that natural gas is phased out for hea ng in the 
UK, when and where the H₂ energy storage and CHP system is implemented. Acquiring hea ng 
energy from gas is not considered. It is in such a scenario that energy storage (including that of 
the seasonal type) would needed the most as well. 

This is done on the basis of assuming that H₂ technology may (at the soonest) become 
economically feasible (due to economies of scales emerging to a greater degree), towards the 

me gas boilers are phased out. The phasing out of gas boilers for hea ng in the UK, is targeted 
for 2035 (with possible exempts for poorer house-holds, covering about a fi h of homes) [26]. 
This meframe also aligns with poten al major decreases in H₂ component prices as economies 
of scale emerge (ref. sec ons 2.5 - 2.7). 
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2.1.2 The energy market and price vola lity of electricity in Norway 
Norway has a RES (Renewable Energy Sources) dominated power grid already today. Yet, it at the 
same me has a very high degree of dispatchability. This is due to its unusually high share of 
hydropower, which stands for 88% of its electricity genera on [21]. In total, 98% of electricity is 
from renewable sources, with wind-power standing for the 10% on top of the hydropower and 
solar being rela vely insignificant. 

The na on will however have an increase in its energy demand. To meet this demand while 
keeping a high degree of dispatchability in power genera on, one alterna ve is to decrease the 
current demand. There’s a large poten al for this through implemen ng energy efficient 
buildings. Lowering the na ons very large need for hea ng which is actually mostly done with 
electrical power [30]. Another opportunity is for the highly established hydropower sector to 
upgrade the capabili es and efficiency of some of their most aging facili es. Expanding with new 
hydropower however isn’t easy, as most remaining waterways with high energy poten al are 
protected in the name of nature conserva on [31]. 

To the degree upgrading exis ng hydropower can’t fulfil the increased demand, other renewable 
sources that will have to fill the gap is mainly wind and solar. Wind power has a large opposi on 
in the local popula on, also due to nature preserva on. Some wind parks are being built, but 
ge ng concessions for them isn’t straigh orward [32]. 

The na on isn’t par cularly suited to solar power due to its climate and northern posi on. 
However, the na on has a storage capacity in hydropower reservoirs amoun ng to 70% of its 
energy. Thus, solar power produced during the na ons long summer days can reduce the load 
on hydropower, which then can be saved for short winter days when solar produc on will be 
very low. 

Based on the above, Norway’s power genera on capabili es provides a founda on for stable 
electricity-prices. However, this has been affected by the country being integrated into EU power 
markets in recent years (from 2021), and the na on has since seen historically unprecedented 
price vola lity [33]. This is also seen through the country having a somewhat similar trend to the 
UK for energy pricing in 2019, 2022 and 2023. See Figure 2-2 below. 

The development of price vola lity in Norway is more uncertain and “policy based” than for the 
UK. The “power mix” can allow for Norway to retain low pricing varia ons despite adding more 
non-dispatchable RES. However, it can also be affected by common power-markets and oversea 
cables to Europe or he UK. 

The former is why it wasn’t chosen for the energy storage and CHP case. Because energy storage 
will not be a necessity to the same degree as it will in the UK. It was however chosen for the H₂ 
fuel produc on case, partly because of its low-carbon and historically cheap electricity, together 
with poli cal forces that presen ng a relevant case study opportunity with the express-boats in 
Trondheim. 
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Figure 2-2: Electricity prices for Norway in 2019, 2022 and 2023 [NOK/kWh] [29]. 

2.2 Ba ery technology for grid-scale energy storage 
While a direct comparison to ba eries will not be made, it is s ll highly relevant to be aware of 
their characteris cs when talking about grid-level energy storage. The following ba ery-systems 
will not be presented in the case studies, but their results in the op miza on model may be 
included, for reference. 

2.2.1 Lithium-ion ba eries 
Lithium-ion ba eries, or Li-ion ba eries, are the leading electrochemical ba eries for many 
applica ons today. From EVs to energy storage [2], [5]. 

In the case of energy storage, they are gaining market share due to their high round-trip 
efficiencies. As well as a large economy of scale emerging due to the EV industry, having caused 
prices to drop significantly [34]. 

The preferred li-ion ba ery chemistry for large scale sta onary energy storage, is the lithium-
iron-phosphate (LFP) type, due to its low cost per capacity and low degrada on [35, p. 6], [36]. 
This is compared to the NMC (nickel-manganese-cobalt) and NMA (nickel-manganese-
aluminium) variants, that are o en found in EVs due to their higher energy densi es, but these 
also in sta onary storage applica ons like home ba eries [37, p. 8]. 
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Two examples of sta onary home ba eries are the Tesla Powerwall 2 (PW2) and Tesla Powerwall 
3 (PW3). The first of which use an NMC chemistry, and the second of which is unspecified as of 
now. (Various unreliable sources were ambiguous between LNMC and LFP, and the ba ery 
chemistry is not officially specified by Tesla.) At the me of wri ng, detailed enough 
specifica ons for the PW3 are not available, and the PW2 will be presented as an example “home 
ba ery” or “distributed storage”. 

Tesla Powerwall 2 
The Powerwall 2 is shown in Figure 2-3, and the Powerwall+ including the auxiliary solar 
connec on components are shown in Figure 2-4 below. 

 

Figure 2-3: Tesla Powerwall 2 - Home Battery (LNMC battery chemistry). Image Credit: Tesla.com [38] 

 

Figure 2-4: Tesla Powerwall +. Image Credit: Tesla.com [39] 

Each Powerwall 2 has the following specifica ons 

Energy capacity 13.5 kWh 
Maximum power 5 kW 
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Round-trip efficiency at start of life 0.90 
Round-trip efficiency a er 10 years1 0.70 
Default power for charge/discharge power2 3.3 kW 
UK cost per unit (2023/2024) Approx. 6 000 GBP 
UK cost per unit with installa on (2023/2024) Approx. 10 000 GBP 

 
Table 2-1: Tesla Powerwall 2 Specifications 

1When it comes to the degrada on, the statement by the manufacturer is shown in Figure 2-5 
below. No ng, that the 70% figure is the “worst case scenario” against which the ten-year 
warranty protects. When charging from the grid, the Powerwall 2 is guaranteed to not fall below 
70% of its original capacity if the aggregate throughput is less than 37.8 MWh. This corresponds 
for cycling 78% of the full 13.5 kWh capacity ba ery daily. This specifica on is likely related to 
the fact that NMC ba eries is recommended not be charged 100% for regular cycles like this. 

2As for the charge power, it is stated in the PW2 installa on manual, that the 90% start of life 
round-trip efficiency (RTE) is valid for a 3.3 kW charging rate [8]. Considering that the opera onal 
heat for the ba ery will increase dras cally with lower efficiency coupled with a 5kW output, 
the 3.3 number will be what is used in the model. This is also the only power for which the 
efficiency is stated. 

 

Figure 2-5: Limited Warranty for the Powerwall 2. Image 

Thus, the PW2 is assumed to operate with 80% of its 13.5 kWh capacity available for the daily 
cycling from the grid, and the charge/discharge limit to grid is set to 3.3 kW for its entry into the 
coming op miza on model. The charge/discharge efficiency is assumed to be equal, and thus 
set to the square root of the round-trip efficiency. 

 𝜂 = 𝜂 = 𝜂  (2-1) 

 
A more complex opera on algorithm could be a empted, by op mizing the ba ery opera on 
weighing the gains of using higher power/capacity, against predicted degrada on effects. 
However, the opera on described above is assumed to be close to the most efficient form of 
opera on in terms of performance per ba ery degrada on for daily cycling from the grid. 
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Tesla Megapack 
Another op on for li-ion ba ery energy storage, is to have it centrally located. Not distributed 
as is the case with home-ba eries like the PW2. An example of this would be the Tesla Megapack. 
It is a large container-sized ba ery pack: 

 

Figure 2-6: Tesla Megapack Unit (3900 kWh). Image Credit: Tesla.com [40] 

 

Figure 2-7: Tesla Megapack Grid Li-ion Battery in Western Australia. Image Credit: Tesla.com [41] 

Specifica on Megapack 2-hour Megapack 4-hour 
Energy capacity 3854 kWh 3878 kWh 
Maximum power 1927 kW 970 kW 
Round-trip efficiency at start of life 0.92 0.935 
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Default power for charge/discharge 
power2 

Assumed same as 
maximum power 

Assumed same as 
maximum power 

Es mated interna onal cost per unit 
(1 unit)1 

2 081 100 USD 1 865 400 USD 

Es mated interna onal cost per unit 
(5 unit) 1 

1 952 000 USD  1 625 800 USD 

Es mated interna onal cost per unit 
(10 units) 1 

1 695 900 USD 1 477 800 USD 

Es mated interna onal cost for 2 
units (in GBP) without installa on2 

1 915 829 GBP 1 915 829 GBP 

 
Table 2-2: Tesla Megapack Specifications [40] 

1Costs at the me of wri ng. Up for poten ally large change. 

2Cost without installa on. Installa on adding about 36% at the me of wri ng. 

When it comes to the longevity of these systems, it is as explained earlier, highly dependent on 
the load type, and also the ba ery chemistry. “Comparison of Li-ion ba ery chemistries under 
grid duty cycles” describes capacity reten ons for different types of li-ion ba eries under 
different types of loads/grid duty cycles. LFP ba eries are clearly most suited in terms of low 
degrada on. 

Third party sources men on that the newest version of the megapack moved from an NMC to 
an LFP ba ery chemistry, and this aligns with the weight increasing 64% while the capacity 
increased by less 50% [42], [43]. (LFP cells being less energy dense.) However, no official 
documents or sources with official references back this up. 

If results are men oned for the Tesla MP or the Powerwall, it will be for “the first year of 
opera on”, as taking degrada on into account is outside the scope of this thesis. Having this in 
mind, any quoted MP-results can be interpreted as very op mis c. While the H₂ system also 
degrades, the decreased efficiency can be somewhat remedied by increased heat recovery 
output. This which it cannot for li-ion ba eries. More so, one should also have in mind that the 
ba ery vs. the H₂ system can be very different in terms of their lifespans and rate of degrada on 
depending on many factors. 

Despite the above making a direct comparison not feasible within the scope of this thesis, the 
Megapack is s ll presented as a reference point, while having the above in mind. The H₂ system 
in case 1 will actually be dimensioned based on a component CAPEX equal to two megapacks 
without installa on. This way, some comparisons can be made if wished. 

2.3 Zero-carbon technologies for energy-intensive transporta on 
Hydrogen in transporta on was introduced in sec on 1.3. Here, sources will be cited for the 
claims there. And the poten al threat to the validity of the case study that is SSBs. Solid-state 
ba eries. It was found important to establish that they would not render H₂ driven express-boats 
obsolete, before proceeding with using it as a founda on for the H₂ produc on case-study. 

What is meant by “energy-intensive transporta on”, is forms of transporta on that require using 
high and sustained levels of power. As men oned, this becomes a problem for li-ion ba eries, 
mainly due to their low energy density. For which typical values as of 2022, goes up to 0.3 
kWh/kg, poten ally increasing to 0.35 kWh/kg by 2030 [44, p. 66]. 
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In comparison, petrol and diesel have energy densi es of 12.2 kWh/kg and 12.7 kWh/kg, and H₂ 
has 39.4 kWh/kg. The weight of engines/fuel cell and fuel tanks are however more substan al 
(and cons tutes the majority of the weight) for the la er ones, especially for H₂. 

In simple terms, li-ion ba eries run either out of charge too quickly, or becomes too heavy, for 
applica ons that require very high and sustained power. This is likely why IEA doesn’t quote 
ba eries as obtaining market share in aerospace, shipping and heavy freigh ng (cited in sec on 
1.3). One example of such an energy-intensive applica on, would be the express-boats opera ng 
long-distance daily routes in central Norway. This is where the setup of case study 2 starts. 

2.3.1 The case of express boats in Trondheim 
The implementa on of zero-carbon express boats in Trondheim is poli cally driven. A local 
newspaper ar cle states that the six speed-boats in the county “Trøndelag” in central Norway 
pollute as much as a thousand buses, and has a climate impact per passenger which is over four 

mes that of flying [45]. The CO₂ emission per passenger per kilometre, being as high as 904g, 
and flying being 198g according to the ar cle. It must however be said that this was a 2019 
newspaper ar cle with poor explana on or specificity, and transparency around the figures. And 
also no cita ons. 

A er some addi onal research, it was found that the report from which those numbers were 
taken, was a 2014 report by the Norwegian Ins tute of Transport Economics [46]. In that, the 
numbers were based on even older data, from one to two decades before that again. Inspec ng 
the report showed that the 904g/passenger-km figure be er reflects the genera on of express 
boats used from 2004 to 2014. Boats with aluminium hulls, as opposed to the carbon fibre 
vessels in opera on from 2014 to 2024. In a different ar cle, the same newspaper , as well as an 
ar cle in “Teknisk Ukeblad” says that the boats introduced in 2014 had 40% lower emissions 
than their predecessors [47], [48]. 

 

Figure 2-8: MS Terningen. Currently (2023) used diesel-powered vessel with a light-weight carbon fibre hull, by 
"Brødrene Aa". Image credit: “Braa.no” [49]. 

For the sake of accuracy, using the above together with data for the average emissions per 
passenger-km for domes c flights in Norway (pre-covid, as it is seen as most representable), we 
can correct the statement about emissions per passenger km to “2.9 mes that of flying” [50]. 
This is for the boats opera ng at the me of wri ng (2023). 
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De-carbonising this form of transport, would be a major contribu on to lowering emissions in a 
na on that already has a very low footprint in the power genera on sector, and is quickly 
transi oning to EVs for the passenger vehicle market [51], [52]. This is the background for the 
poli cal ini a ve to implement low emission or zero-carbon express boats, which was launched 
in 2019. 

Five entries were proposed in 2019 for the next express boat contract period from 2024. (Each 
period las ng about 10 or more years, based on the length of the previous two contracts). Out 
of the five entries, three used hydrogen propulsion systems. One was a flying hydrofoil that could 
use either ba eries or H₂, and one was a diesel-electric hybrid which uses a robot-swappable 
ba ery pack on the roof of the boat (see Figure 2-10 below). 

 

Figure 2-9: Aero. Hydrogen fast ferry concept by "Brødrene Aa" in 2019. Image Credit: Braa.no [20]. 

 

Figure 2-10: Norled Battery-Hybrid Ferry with SHIFTR autonomous battery change robot. Image Credit: Norled [53] 

The diesel-hybrid was the one that won the contract, despite it showing that li-ion ba eries are 
not up to the task of de-carbonizing the longest routes. Even if switching out the ba ery pack 
with a robot mid-way in the journey, the li-ion hybrid solu on is es mated by the manufacturer 
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(Norled) to have reduced emissions to 30% and 20% of what they were, on the two longest 
routes respec vely [53]. This is a great improvement, but s ll ends up retaining 85% of the 
emission footprint per passenger compared to domes c flight in the country. In other words: 
S ll rela vely significant emissions. 

The fact that the diesel hybrid solu on was chosen despite this, when there were three proposed 
H₂ solu ons that would have had zero CO₂ emissions from propulsion, likely speaks to the 
difficulty or high costs of implemen ng a hydrogen solu on. 

However, a study done by SINTEF (a Norwegian industrial and technical research agency) in late 
2017, concluded it was logis cally, economically, and technologically feasible to use H₂ for the 
speedboats on the longest route (Trondheim-Kris ansund). 

The reasons why a hydrogen-based solu on was not chosen, isn’t explicitly known. No official 
statement could be found about it. But major reasons could be the following: The as-of-now very 
high costs of components and infrastructure associated with H₂ boats and produc on facili es, 
safety, as well as the cost of producing H₂ itself. 

For these three problems the following can be said: 

- The costs of hydrogen components are expected to go down significantly. (See sec on 
2.5 - 2.7, 3.3 for details, sources, and future predic ons.) 

- Hydrogen safety, is an ac ve field of research, for example being emphasized by the MTP 
ins tute (for which this thesis is wri en for) amongst others at NTNU [54], [55], [56]. 

- Lastly, the cost of producing Hydrogen, is determined by electricity prices and 
electrolyser efficiency. As will be discussed (in sec on 2.5), electrolyser efficiency has a 
high poten al to become very efficient but is commercially relevant systems are in this 
thesis assumed to retain significant recoverable heat outputs for the foreseeable future. 

Recovering this heat by-product may bring the break-even point for H₂ a li le closer towards the 
next express boat contract. 

But, before this can be considered, a review of solid-state ba eries (SSBs) will be done. As this is 
a technology that may allow the performance needed to run the Trondheim-Kris ansund route 
on ba eries alone. Thus, it shall be reviewed here how they might make an H₂ solu on 
poten ally deprecated, and how this relates to the relevancy of the second case study. 

The central ques ons when it comes to this, is whether SSB technology can poten ally achieve 
the needed performance, and if so, whether it will do so in me for the next express boat 
contract period. 

2.3.2 Solid state ba eries vs. H₂ propulsion (for an express boat applica on) 
Solid state ba eries (SSBs) that are the “vision” beyond 2035 (as described in the “Solid-State 
Ba ery Roadmap 2035+” from 2022). They are not predicted to handle things like shipping and 
aerospace. But they can poten ally fulfil the demands of the Trondheim-Kris ansund route for 
express-boats (on electric power only) at some point [44]. Making assump ons regarding this is 
difficult with the available informa on at the me of wri ng. Some assump ons and es ma ons 
can however be taken. 

SSBs are envisioned to have an energy density of 0.5 kWh/kg “beyond 2035”, as opposed to li-
ion ba eries of today which has 0.3 kWh/kg. The SSB thus being able to store 66% more energy. 
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For the full route, these assump ons can be extrapolated to the SSB-powered boats having 
116.7% of the energy needed to make the crossing fully electric. For reference, the fuel capacity 
for H₂ boats in the SINTEF-study used a 12.5% buffer [57]. 

The planned route for the 2024 diesel-hybrid solu on, switches the ba ery at “Brekstad”, 
marked by the northern-most star in Figure 2-11 below. 

 

Figure 2-11: The Trondheim - Kristiansund express boat route: Image Credit: SINTEF [57]. 

The SINTEF study done on the feasibility of hydrogen propulsion for this route, es mated a 
quarter of the total energy being used for the Trondheim – Brekstad por on of the journey (the 
rightmost stretch between stars, Trondheim being the most eastern star). The stop at the island 
of Hitra (one stop southwest of Brekstad) on the other hand is quoted to be exactly mid-way in 
terms of the energy usage. 

Why Brekstad was chosen as the ba ery switch loca on was not stated. But the port at Hitra 
should in theory comfortably be able to support a ba ery switch and charging facility. This is 
evident by the fact there are also plans for increasing the port size from 49 to 132 acres in 2025, 
in order to accommodate a hydrogen produc on facility [58, p. 10]. A facility meant for other 
forms of shipping in this area of the Norwegian coast. It is assumed that in the case of SSB-
powered boats, the ba ery switch and charge sta on would be moved there too, in order to 
allow for fully electric opera on. 

At first glance, it then seems like SSB powered boats is the clearcut choice. This is due to the 
superior efficiency of the propulsion system. The round-trip efficiency of an SSB generally 
exceeds 90% [59, p. 8]. A er all, an important considera on is that high efficiencies cause lower 
energy costs for opera ng the route. 

Comparing SSB efficiency to that of an H₂ propulsion system, being the product of the 
significantly lower fuel cell and electrolyser efficiencies, SSB-powered boats seem like a apparent 
choice. But it is not as straigh orward as comparing the propulsion systems efficiencies alone. 

As men oned, the emissions of the boats were cut by 40% when going from aluminium to carbon 
fibre hull construc ons [47]. The cuts were quoted to come mainly from weight savings, as well 
as somewhat from newer engine technology to “Teknisk Ukeblad”. However, inspec on of the 
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official engine specifica ons for the boats show a similar fuel efficiency, indica ng that the light-
weight carbon fibre construc on accounted for most of the difference [60], [61]. 

This indicates that a lighter boat, can to a large degree make up for the propulsion system being 
less efficient. The hydrodynamical efficiency of the cra , is just as important as the propulsion 
system efficiency. This, together with future developments in electrolyser and fuel cell 
efficiencies, makes the full picture not necessarily that clear cut. 

In addi on to increased efficiency for fuel cells, they will likely have a large increase in power 
density just as for PEM (proton exchange membrane) - based electrolysers (as discussed in detail 
in sec on 2.5.2). This will lower both the weight and cost of the H₂ propulsion system compared 
to what is possible today. This includes a reduc on in storage tank weight, due to lower fuel 
consump on. 

Improvements in fuel cell power density and service life, will also help regarding the 
sustainability of an H₂ boat. Compared to having a fleet of 9 very high capacity SSBs being cycled 
every day. This should also be a part of the equa on if in in depth considera on of the two 
technologies was to be done. The point of going to zero-carbon propulsion is a er all 
sustainability in the first place.  

It should however also be men oned that a countermeasure for the SSB regarding weight, would 
be adding more ba ery switching sta ons. Whereas this approach would not help the H₂ boat, 
for which the fuel capacity bears a rela vely smaller impact on weight. More ba ery-changes 
could also allow for full electrifica on with ba eries, even if a slightly lower value than the 
“envisioned” 0.5 kWh/kg energy density is reached in me. 

In summary, the ques on of H₂ vs. SSBs is seen as an open ques on due to the following: 

- Overall efficiency might not be as superior to the extent the RTE of the propulsion system 
alone suggests. 

- Due to poten al sustainability considera ons that have not been taken into account or 
analysed here. 

- Due to high uncertainty regarding the state of H₂ and SSB technology around the next 
express boat contract period. 

In fact, sources are quite ambiguous about the readiness of SSBs around that me. They men on 
things like “2035 at the earliest”, or “gradual adop on into mass-market a er 2035”, and the 
roadmap for SSBs puts energy densi es that would comfortably allow for fully electric opera on 
of the route (0.5kWh/kg) as “the vision beyond 2035” [44]. Meanwhile, the decision to use 
diesel-hybrids from 2024 indicate that H₂ technology needs to improve. Likely both in efficiency 
and possibly safety, and probably mainly in costs. Even if it is technically viable to run the route 
with emission-free propulsion with established technology already now. 

Moreso, the me of the next speedboat contract is not set in stone. It will likely be a result of 
when poli cal forces want a zero-carbon solu on. It’s ming in rela on to the readiness of each 
technology is not easily predictable. Thus, the second case study is thus seen as highly 
interes ng, as it will produce a result that may affect the outcome of this ques on when the 

me comes. 
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2.4 District hea ng networks 
2.4.1 DHN introduc on 
District hea ng networks (DHNs) are crucial if one wants to u lize the heat by-product from H₂ 
technology. They work by transpor ng heat by using water as a medium. A heat exchanger 
absorbs heat at one loca on, and then provides it for hea ng purposes elsewhere, using 
radiators or heat pumps to transfer the heat to air inside buildings. 

The heat o en comes from a heat central. Heat sources can include burning household or 
forestry waste, other bio-energy sources, recovered heat from industry, or other sources. Electric 
boilers or oil burners may also may also be used as a backup in the case of other available fuels 
not fulfilling the most demanding load peaks [62]. 

Figure 2-12 below shows a schema c of district hea ng. 

 

Figure 2-12: Schematic of a district heating network. Image credit: Energiognatur.no [63] 

2.4.2 DHN market adop on for case study loca ons 
District hea ng is also stated to be a central part of reaching London’s “zero-carbon by 2050 
target” [64], and there are plans for increasing the extent of it considerably by 2030 [64]. 
Government research indicate that the share of hea ng done by DHN could increase from 2% in 
the early 2020s, to as much as 43% by 2050 [10, p. 5]. This was a prerequisite for choosing 
London as the loca on for case study 1. 

As for the case study in Trondheim (Norway), district hea ng is widespread, and has a 30% 
market share of the city’s hea ng needs. The poten al city-wide uptake is 666 GWh yearly [65]. 
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Figure 2-13: Boiler room for 3rd gen. DHN in Trondheim (Heimdal facility). Image Credit: Statkraftvarme.no [66]. 

2.4.3 DHN “genera ons” 
There are several “genera ons” of district hea ng, which differ in their types (and quality) of 
components, and importantly opera ng temperatures. One notable considera on here, is that 
the DHN opera ng temperature must be lower than tradi onal (3rd gen.) ones in order to u lize 
some poten al low-temperature heat by-products [67]. 

Different sources state different opera ng temperatures for different network types, and in 
general they vary quite a bit between loca ons as well as between seasons. So instead of giving 
a simple table, a short paragraph or two will be used to describe each genera on here. 

Third genera on networks (DHN 3.0) 
Third genera on networks are the current day standard. They are seen as “proficient” DHN 
systems, and they are the standard way to construct and operate a DHN system today [67]. 
Typical opera ng temperatures in summer are given as 65-80°C. Importantly, the systems usually 
have a minimum return temperature, and a maximum supply temperature. 

Third genera on networks is the type that is widespread in Norway today. In the loca on of our 
case study there, the distribu on network pipes are dimensioned for output temperatures up to 
100°C, and the transporta on are dimensioned for pressurised water up to 115°C [68]. The 
return temperature there is set to “no higher than” 65°C. The temperature delta for the 
transporta on layer is regulated to be at least 50°C in winter. This is however the transporta on 
network. The parts that take heat into the city districts or building clusters is called the 
“distribu on network” (or, secondary network). This operates at a lower temperature. Technical 
specifica ons for the network specified “up to 100°C” as the dimensioning criteria for the 
distribu on network.  

Fourth genera on networks (DHN 4.0) 
Fourth genera on networks lower the opera ng temperatures considerably compared to 3rd 
gen. Typically 50-60°C. This is in order to increase the usability of low-temperature heat by-
products, as well as to decrease losses in transfer. They require “high quality specifica on, 
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design, construc on & commissioning of networks, substa ons and consumer-side appliances” 
[67, p. 5]. 

Fi h genera on networks (DHN 5.0) 
In DHN 5.0, the opera ng temperature is taken down considerably again, allowing for more 
efficient use extrac on of recoverable low temperature heat, and much lower transporta on 
losses. This requires using heat pumps to efficiently extract the heat at the site of the consumer. 

As well as adding high performance, both in heat extrac on, transport, and delivery, this also 
opens up new possibili es for novel uses of district hea ng [67]. With adjustment of opera ng 
temperatures downwards on warmer days (neutral temperature networks), and running heat 
pumps in reverse, they can also be used for cooling purposes. With thermal storage, they could 
even be envisioned to store energy on a warm day, in order to use it again in the night. 

It should be noted, that DHN5.0 requires very significant investments, both in water source to 
air heat pumps on the consumer side, as well as any poten al large water source to water heat 
pumps on the supply-side. 

2.4.4 The efficiency of DHNs 
The efficiency of DHNs vary with several factors. Such as opera ng temperature, technical quality 
of the system components, the physical condi ons in which pipes are placed, the outside 
temperature, and the heat load. 

Decreasing opera ng temperatures have a posi ve impact on network losses, but also require 
be er radiators to get the heat efficiently transferred to room-temperature air. Density of 
customers also have a posi ve impact, due to more heat transfer area being inside and 
compara vely less outside [69]. 

The efficiency of DHNs is dynamic, and generally is lower in the summer (when demand is low, 
causing the distribu on net losses to be compara vely high). For example, if one were to run the 
network when there is very low load, most of the heat would be lost in the transmission pipes 
as the flow would circumvent the radiators (who’s valves would be set to low or zero flow) and 
the heat would simply go on a round-trip through the distribu on network, loosing energy there. 
Leading to a low efficiency. 

In the winter however, opera ng temperatures would be upped (compared to summer) to deal 
with the higher load. Higher losses would occur in the transmission due to the greater Δ𝑇 for the 
piping. However, they would be compara vely low when taking into account the now fully 
opened radiator valves. And to some slight degree due to increased heat transfer from radiators 
as well, in the case that building temperature drops or due to radiators being placed beneath 
windows, where air is quite cold for some buildings on a winter’s day. 

However, modelling this dynamic efficiency will not be done in this thesis. The “handbook of low  
temperature district hea ng” says the following about accurate DHN models 

“Due to the complex nature of DH systems, the development of physical 
models is a challenging and me-consuming task. Addi onally, precise 

informa on of the buildings and the DH system infrastructure is not always 
available or reliable, and due to the detailed defini on of the specific 

systems, the required computa onal mes are significantly higher than for 
data driven models” [67, p. 120]. 
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Especially the part about “buildings and DHN system infrastructure is not always available or 
reliable” is true for the coming case studies, as they are set in envisioned futures. Due to the 
nature of the case studies this would in case not be obtainable with any degree of reliability. 

Data driven models is another (more novel) approach that can be used to model DHN behaviour 
[67, p. 121]. It is however quoted that “Due to its dependency on exis ng data, this approach is 
not suitable for the design of new systems” [67]. Which makes it not applicable in this thesis for 
the same reason that physical models are not. Both it and the physical model method would 
involve an amount of guesswork and approxima on that could largely cancel out the accuracy 
of the methods themselves. 

A simplified approach will be taken, which is to simply use the average yearly efficiency of the 
DHN, as a constant across the year. Considering that this is a weighted average with respect to 
energy throughput, this should be fairly representa ve of how the efficiency affects the yearly 
results. 

It will for example skew things somewhat between winter and summer though. The effects of 
this is assumed to be somewhat cancelled out. The lower efficiency in summer in any case affect 

mes of low heat exports, and it can be thought of as being in some part made up for, by 
deviance in the other direc on in winter. Results in this thesis are all given for a full year of 
opera on. 

The discrepancy between the real (dynamic) and (constant) average efficiency, will also induce 
some slight error in the behaviour that the op miza on model determines for the system. But 
the effect of this are also considered likely to not be very decisive. Especially regarding that it is 
the electricity-components that largely decide the system behaviour. Especially for the case of 
COP-based heat pricing. 

This approach is considered a fairly reasonable approxima on. It was conferred with a DHN 
researcher at NTNU that doing it this way would be “fair enough” regarding the scope of the 
thesis and scenarios that was worked with. 

Efficiency of a low-temperature network in London (Case 1) 
The DHN which is to be assumed for the London case (the H₂ energy storage and CHP, or “case 
1”) will be a low temperature one. Data wasn’t found on any London network, but more 
extensive efficiency examples were found on Danish networks. Copenhagen for example has an 
air- temperature ranging from an average low of 4°C to an average high of 16°C, whereas London 
has an average low of 7°C and an average high of 19°C. The following DHN-efficiencies were 
found for distribu on networks in Denmark [69, pp. 83–91]. 

Rural 15% 
Suburban 14% 
City 5% 
New Developments 18% 
New developments with LT networks 10% 

 
Table 2-3: Danish DHN Distribution line losses 

Here, it can be seen, that City distribu on networks have very low losses. However, curiously, 
new developments have compara vely high losses. This is likely because said developments are 
well isolated, and thus require less hea ng. If less heat is put into the buildings, compara vely 



29 
 

more will be lost in the transmission-lines. However, LT (low temperature) networks are down 
back at 10% even for new well-isolated developments. 

As men oned, the efficiency of DHNs vary with many factors. Predic ng a very accurate average 
efficiency for London based on data for Denmark will in any case be a very rough approxima on. 
In general, a slightly warmer climate should make for smaller losses in distribu on, but also lower 
heat demand. But the efficiency is also highly dependent on design/hardware and circumstances 
around the DHN itself. The envisioned London case will be assumed to have a 10% efficiency, 
using a low-temperature network. 

 𝜂 . = 0.90 (2-2) 

Efficiency of the distribu on network in Trondheim (Case 2) 
Na onal sta s cs for Norway report losses of 10% - 12% in distribu on networks [70], [71]. This 
is largely however tradi onal DHN3.0 temperatures. Not low-temperature ones. 

Conferring with Statkra  (the DHN provider in Trondheim) by e-mail, a 60/40 opera ng 
temperature was quoted as the distribu on network output and return temperatures used in 
2023 onwards. A new low temperature district is also in development in the adjacent 
borough/district of the one that the case study is set in. So, a low-temperature DHN is the basis. 

The district in ques on will hold mainly new developments at the me of the case study, but also 
some older buildings. Including the country’s largest indoor swimming hall with a yearly heat 
demand of 6 GWh directly adjacent to the H₂ fuelling sta on [72]. 

10% will be assumed as the average DHN efficiency for the connected distribu on network in 
case 2 as well. This is assumed reasonable considering it is an LT network with a mix of building 
types. If the actual average DHN efficiency will end up above or below this depends on a large 
range of uncertain factors. In any case, an un-accuracy of +-0.05 for example, should be far from 
making a difference large enough to invalidate the results to come. 

2.4.5 DHN heat pricing 
Essen al to the value of recovered heat, is the price at which DHN energy is sold. Each house, or 
each building, may have metering for the heat energy delivered. This was introduced with 
DHN3.0 [67]. This thesis will proceed as if this metering was “perfect”, recognizing that this will 
not be the actual case. 

Two hea ng policies will be implemented based on the current and proposed new pricing 
regula ons for Norway. All-in-all, there are mul tudes of regula ons around the world. But 
considering that Norway is an anomaly when it comes to not using fossil fuels for domes c 
hea ng, it is considered as a good example for how DHN-pricing might look in a zero-carbon 
future elsewhere too. The founda onal reasoning for the pricing roof in Norway, is: 

“The price of DHN heat must not exceed the price for electric hea ng” [23]. 

This thesis con nues on the assump on that this will be the natural policy for other countries 
once zero-carbon hea ng has to be implemented. However, what “electric hea ng” means in 
this context, is up for debate and impending change. 

Joule-based heat pricing 
The first heat pricing policy will be based on the current interpreta on of “electric hea ng” in 
the Norwegian regula ons as of now. Here, the pricing roof is set by the average cost of obtaining 
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the heat through resis ve hea ng. A tradi onal form of hea ng in the country. The current 
method for this, goes as follows: 

- The monthly average electricity spot-price from Nordpool is a basis 
- Consump on charge 
- Energy-component of grid tariff 
- Peak power component of grid tariff. 

This cons tutes the monthly average electricity price that the DHN pricing roof is set to. And, 
since DHN providers have natural monopolies, cost of DHN is in effect always set to this roof. 

For the electricity-price parts of this thesis, spot-prices are used, which do not include grid-tariffs. 
Since grid-tariffs are looked away from when impor ng energy to either of the H₂ systems, it will 
also be looked away from when calcula ng what will be “earned back” through the sale of heat. 

It may be that energy storage systems and such could be exempted from certain grid tariffs, as 
they will be vital (and encouraged) for a func onal/healthy power-grid. This will not be delved 
into here. The systems will be judged on energy costs, and the economic effects that grid tariffs 
may have upon results, is up for being judged “on top” of this. 

Joule-based heat pricing for HR, will be the average cost of electricity, mes the amount of heat 
sold that month. This will however be measured as a weighted average depending on the heat 
output of the system. This is slightly different than for consumers as of now, for which simply the 
average monthly spot price is taken. Since the H₂ facili es are counted as “energy providers”, it 
makes sense to not let them take advantage of a fixed heat price like this, and rather have the 
energy price fixed to the current electricity-price. 

COP-based heat pricing 
However, Joule-based pricing is thought to be outdated today, as electric hea ng is transi oning 
to heat pumps instead of resis ve hea ng. On this basis, NVE (the Norwegian Water Resources 
and Energy Directorate) assigned two firms to evaluate over 70 inputs from relevant players 
regarding a regula on update. The new regula ons will however not be established or published 
un l some point in 2024, a er this thesis is finished. The proposal from “Vista analysis” (analysis 
firm) and “Asplan Viak” (engineering consultancy firm) were as follows. Paraphrasing from 
Norwegian: 

… “On the background of this, we propose a pricing roof that is based on the 
socially beneficial alterna ve cost, namely heat pumps” [73]. 

What this would be compromised of, is a bit more complex than resis ve hea ng. Firstly, one 
would have to establish a way to calculate the COP with which to divide the electricity prices. 
COP being the “coefficient of performance”, a number that describes how many Joules of heat 
one gets per Joule of electricity put into a heat pump (see 2.9 for a short review of heat pumps). 
Measuring the exact COP for every loca on is not prac cal, so some compromise would have to 
be established regarding how to do this. 

Secondly, DHN-providers state that basing the price on COP alone is unfair because it does not 
account for the significant cost of installing a heat pump [73]. A way to do this, could be to add 
a constant “DHN grid tariff” on top of the energy, which is supposed to equal the long term or 
average cost of installing and maintaining heat pumps. 
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Finding the exact solu on to this is the job of NVE. However, it is highly interes ng and relevant 
to look at what a COP-based price does to the value of heat recover in this thesis. The exact 
pricing scheme is however unpredictable at this point. It is chosen to look away from any grid 
tariff components in this thesis and look at it from an energy perspec ve only. 

This means, that when the thesis presents results for COP-based components, this is considered 
an absolute “worst case scenario” for the value of heat recovery. One that can be expected to be 
to some degree worse than actual pricing policies. 

A review on heat pumps and COP-data is in sec on 2.9. Sec on 2.10 a er that, will review the 
value of stored energy for a system with heat recovery, including mathema cal considera ons 
around the detriment a pricing scheme like this will pose on an H₂ system opera ng as a “buy 
low, sell high” type energy storage. 

How COP-based heat pricing is assumed to be calculated in this thesis 
Simply taking the product of the average COP-es ma on and average electricity price, 
mul plying them by the monthly heat demand, will not be fair rela ve to using heat pumps. It 
does not take into account the covariance of the factors, especially considering how all of them 
tend to be high simultaneously. High heat demand coincides with low COP (who’s inverse is a 
factor), and also o en higher electricity cost. 

The net cost of heat with a heat pumps would be: 

 ∑𝐶 𝐿 𝐶𝑂𝑃      ∀𝑖 = 1, … , 𝑛 (2-3) 

Where the 𝑖 superscript represent the half-hours or hours for which electricity prices are set, 
𝐶  is electricity cost and 𝐿  is  heat load. 

The fair way to calculate the “heat pump equivalent cost” is to take the weighted average as 
done below, and then mul ply that with the heat load. 

 
𝐶 . =

∑ 𝐶 𝐿 𝐶𝑂𝑃

∑𝐿
     ∀𝑖 = 1, … , 𝑛 

(2-4) 

If this is done, then the end heat-cost is equivalent to paying in “real- me” every half-hour or 
hour. It is the la er that is implemented in the model. 

While the heat isn’t necessarily actually paid for in real- me in the actual market implementa on 
it should however be as close as possible, to the degree the cost of heat is calculated accurately 
and fairly. This could be reasonable to implement for “one and one district”, where the COP is 
es mated for the “area” of the DHN for use in cost calcula on. From the systems point of view, 
the fair sale-price of heat would then be calculated as: 

 
𝐶 . ₂ =

∑ 𝐶 𝜂 𝑃 𝐶𝑂𝑃

∑𝑃
     ∀𝑖 = 1, … , 𝑛 

(2-5) 

Where 𝑃  is the heat by-product, and 𝜂  is the DHN efficiency. How one would actually 
implement the DHN efficiency in the calcula on of the heat price, is however tricky. Metering at 
several places might be necessary, but this will not be delved into further here. The model treats 
it as if set to a constant yearly average. 
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Both case studies treat heat-cost as “real- me”, which should fit into a 
market with a fairly calculated monthly 𝐶  for the district. 

This es ma on is seen as a reasonable lower es mate for the price of heat. It will in reality likely 
be higher than this level due to added tariffs. 

2.5 Hydrogen Electrolysis 
2.5.1 Introduc on, and relevant types of electrolysis 
In general, electrolysis is a chemical reac on that takes place due to an applied electric current. 
Hydrogen Electrolysers are devices that use electricity to split water into hydrogen gas (H₂) and 
oxygen gas (O₂). They have been an established technology since the 1970s. 

There are several different types of them. Hydrogen Technologies (2023) quotes the most 
technologically relevant processes today as [74, p. 207]: 

- “Alkaline electrolysis with a liquid basic electrolyte (AEL)” 
- “Acidic electrolysis with a solid polymer electrolyte (PEMEL)” 
- “High-temperature steam electrolysis with a solid oxide electrolyser cell (SOEL)”. 

These are the ones that will be considered for the envisioned hardware in the case studies. 

Certain opera ng temperatures are required for each type, to ensure the ionic conduc vity of 
their respec ve electrolytes [74, p. 208]. 

Procedure Temperature (°C) 
AEL 70 – 90 
PEMEL 50 – 80 
SOEL 650 – 850 

 
Table 2-4: Operating temperatures of today’s most relevant H₂ electrolysis technologies 

Regarding heat recovery, it can be men oned that all these systems already need heat 
exchangers for both electrolytes and gas streams. The la er likely being implemented to avoid 
excessive compression energy. (Ref. temperature 𝑇 in equa on (3-8).) 

Figure 2-14 below shows architectures of established electrolysis technologies up un l today. 
The current day PEMEL cell structure has been in use since the 2010s, and the modern Alkaline 
electrolyser cell has been around since the 1970s. An electrolyser is usually made up of “stacks” 
that consists of mul ple cells, as well as “balance-of-plant” (BOP), which a term for all auxiliary 
components needed in addi on to the cell stack itself. 

Typical cell stack efficiencies for AEL and PEMEL is roughly around 78-80% in 2020 and 87%  in 
2030 according to one paper. This was based on higher hea ng value (HHV) of H₂. Different 
sources quote different numbers, and real electrolysers operate at higher pressures. More so, 
BOP-losses (including water/electrolyte-pumps, cooling system etc.) should be accounted for in 
the total unit efficiency. 

Due to the large variance among sources and various device-sizes etc., a list of typical full system 
efficiencies will not be given for all electrolysis-types here. In general, their efficiencies are quite 
similar, although BOP-losses do for example tend to be rela vely higher with smaller system sizes 
[75]. Full system efficiencies will be stated and/or established for the chosen electrolyser units 
in the case studies. 
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Figure 2-14: Electrolyser architecture. Image Credit: Hodges. et. al. 2022 [76] 

2.5.2 Opera onal characteris cs and future developments 
Power Density and Efficiency 
Besides opera ng temperature, two important characteris cs of electrolysers are their cell 
voltages, and their current densi es. 

The cell voltage is related to efficiency. A lower cell voltage means that less energy is required to 
split the water. Depending on certain parameters, a theore cal minimum voltage is needed to 
split water. Approaching this voltage is analogous to approaching 100% efficiency. However, ideal 
cell voltages cannot be achieved during actual opera on of an electrolyser [74, p. 210]. 

Firstly, the voltage is dependent on the rela ve concentra ons of H₂O, O₂ and H₂. Moreso, when 
a current is applied, ohmic losses, kine c losses, and losses due to mass transport limita ons 
also occur. Nevertheless, a lower cell voltage remains a good indicator of higher efficiency. 

The current density on the other hand relates the H₂ throughput, to the size (or electrochemically 
ac ve surface area) of the electrolysis cell. Advancements on this front can either lead to higher 
produc on rates for the same size cell, or  smaller and cheaper cells with the same produc on 
rate. Due to considerable material costs, achieving higher current densi es will make electrolysis 
stacks less costly. In other words, the cost per kW of performance goes down, when current 
density goes up. 

The book “Hydrogen Technologies” contained the plot in Figure 2-15 below that show the 
rela onship between the opera ng cell voltage and current density for different fuel cell types, 
as well as predic ons on their development towards 2030 [74, pp. 212–213]. 

A basic observa on is that the cell voltage rises when the current density rises (as shown in 
Figure 2-15 below). This innate characteris c leads to the compromise, where one wants to run 
the electrolyser at a middle ground when it comes to current density. Running it at a high current 
density (throughput) means your electrolyser CAPEX can be much lower. Whereas running it at 
a low current density provides a low cell voltage, and thus higher efficiency (lower energy costs). 
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Figure 2-15: Cell voltage and current density projected development. Image Credit: Hydrogen Technologies [74] 

Notably, the high-temperature electrolysis types have very low cell voltages. This is due to the 
opera ng temperatures of SOEL (also called “high-temperature steam electrolysis”). Here the 
electrical energy (and voltage) needed is lower, while the thermal energy supplied to the 
(endothermic) reac on rises with temperature. On top of this the theore cal minimum energy 
is lower when it is in a gaseous state [74, p. 210]. 

This is why the cell voltages should not be taken as an indica on of performance between 
technologies. It is only an indica on of performance when judged against the theore cal 
minimum cell voltage for the relevant process parameters. For reference, this is around 1.2V for 
AEL and PEMEL for example, but much lower for SOEL. Thus, the above figure should mainly be 
taken as an indica on on the cell-voltage to current-density rela onship and the expected 
technological development of each technology. 

The cell voltage itself must be also judged together with the thermal input to the reac on. 
Electrolysis being endo-thermic (absorbing heat). This is around 20% for PEMEL and AEL [74, p. 
210]. E.g., the cell voltage distance to the theore cal minimum being halved, would reduce the 
needed reac on energy by 40%. Halving the 80% that was supplied by electricity in the first 
place. (See Neugebauer’s book for further details and formulas [74, pp. 209–210]. This was 
included here to allow interpreta on of Figure 2-15). 

The figure above es mates the typical opera ng points for the current (2023) and future (2030) 
state of these technologies. The ellipses moved by arrows represent the magnitude and direc on 
of their cell voltage and current density developments. 

Both PEMEL and AEL is projected to roughly have a doubling of their current densi es, and a 
more modest reduc on in their cell voltages. From this we can infer that they will go through a 
modest increase in efficiency (where ca. 1.2V is the baseline for 100% efficiency for these two 
processes). And, that they will go through a major improvement when it comes to compactness 
and material costs. SOEL on the other hand, is projected to only improve in current density. Also, 
roughly a doubling, which should lead to more compact and less costly devices. 

Service life forecasts 
Figure 2-16 below gives service life forecasts for the different technologies. The source notes, 
that even if “there are s ll significant differences in service life, over the coming decades, it is 
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expected that individual cells or complete stacks will not have to be replaced in any of the three 
processes un l over 80,000 hours of opera on have passed” [74, p. 212] 

 

Figure 2-16: Service life forecasts for various electrolysis technologies. Image Credit: Hydrogen Technologies [74] 

For reference, the Tesla Powerwall 2 (NMC) Li-ion ba ery falls out of its guarantee, if it charges 
more than about 11,500 hours in 10 years. However, the graph above does not men on the 
cycling pa erns of the electrolyser. This will have a major effect on its service life. “Enapter” (an 
electrolyser manufacturer) recommend their customers to limit electrolyser opera ve on/off 
cycles to five per day, and one per hour [77]. 

The electrolyser will likely be safely within these parameters in the contexts of the coming case-
studies. It seems to be so when looking at the results. Although, behavioural rules around things 
like this, this to account for degrada on, is not implemented in the op miza on model of this 
thesis. Neither for ba eries, nor the H₂ system. 

An in-depth scien fic considera on of cycling and degrada on is considered outside the scope 
here but deserved a men on. A poten ally higher service life than ba eries, is however a 
poten al reason why H₂ is interes ng despite its lower performance. 

Capillary Ac on Electrolysers 
A recent (2023) development in the design of electrolysis cells, which is not men oned in the 
“Hydrogen Technologies” book, is to use capillary ac on to feed the water to the cathode and 
anode. This is a recent development at the lab stage, and when we can see devices in the 
hundred-kW or MW-class is for now not predictable, however their efficiency is revolu onary. 

Figure 2-17 below shows the evolu on of electrolysis cell structure from the 1970s (omi ng the 
classic electrolysis cell exis ng from the 1800s) to today (2023). 
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Figure 2-17: Evolution of electrolysis cell architecture. Credit: “A high-performance capillary-fed electrolysis cell 
promises more cost-competitive renewable hydrogen” by Hodges. et. al. 2022 [76] 

Using this capillary ac on, researchers have shown cell stack efficiencies up to 98% with a 0.5 
A/m2 and 93% 1.0 A/ m2. This is however for 1 atm. pressures, and for the cell stack only. Not 
including BOP losses. Figure 2-15 indicates that the la er, 1.0 A/m2, will be the typical 2030 value 
for AEL, the technology that said efficiencies were demonstrated for. 

Whether there will be a point in heat recovery with this high an efficiency is uncertain. It depends 
on what efficiencies will be achieved for large-scale (MW-class), mass-manufacturable devices 
including BOP-losses, and how adaptable their designs can be for efficient heat extrac on. Then 
one has to add in the compression energy and possible HR from that. And furthermore, there is 
efficiency degrada on over the life me of the electrolysis cell too. 

When it comes to compression energy, it can be noted that compression from 1 atm to a typical 
pressure of 350 bar would require about 5.5kW (by the rough es ma on method described in 
sec on 3.4). Considerably more than the 2.3 kW needed from the 30 bars from a typical PEMEL. 
Although, CAAEL efficiencies for a higher output pressure is not published at the me of wri ng. 

If the calcula on/es ma on approach later presented in sec on 4.2.2 is used, the HR of a 98% 
efficient and 93% efficient CAAEL cell stack including the addi on of BOP-losses and compression 
energy (from 1 atm to 350 bar) is 6.3% and 10% respec vely, where 4.7% is HR from the 
compression device. (For reference, the most op mis c PEMEL system in this thesis has a HR 
share of 12.8%). So, whereas the value of HR would be diminished, there might s ll be a point 
of doing it if one starts at a current density corresponding to 93% efficiency at the units beginning 
of life. 

Furthermore, it depends on whether it can compete with PEMEL in cost in the first place. For 1 
– 10 MW units, AEL is predicted to be twice as expensive as PEMEL (looking at relevant AEL 
values Figure 3-6 in sec on 3.3). Even with a “discount” based on the purported simpler BOP of 
CAAEL, the higher capacity per CAPEX might not make it the op mal choice for an energy storage 
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system (for which charging quickly in price valleys can outweigh efficiency). And, as discussed in 
sec on 2.10, the fuel cell has the majority of HR contribu on in any case, as it is the only HR-
component taking advantage of price-ra os in that context. Thus, it is seen as likely that CAAEL 
will not have a large or disrup ve effect on the HR contribu on for an energy storage and CHP 
system, compared to the 2030 PEMEL system presented later in this thesis. 

For a fuel produc on system however, without any grid export taking advantage of pricing-ra os, 
the value of implemen ng HR would be much reduced for a CAAEL system. But one s ll has the 
considera on that a greater capaci es per CAPEX could outweigh the efficiency, through greater 
capability for leveraging price-vola lity. The results of case 2 regarding the performance of 
system configura ons (sec on 5.4.1) indicate this. 

Assuming a CAAEL system would cost 1.5 mes more, the op miza on model developed for case 
2 showed that a PEMEL system with spending that money on increased capaci es would perform 
slightly be er than the CAAEL system economically, despite the efficiency discrepancy. No in-
depth analysis was done of this, but it was concluded that CAAEL would not necessarily make HR 
for fuel produc on obsolete either. It depends on whether it can compete in cost per capacity. 

CAAEL and its efficiency prospects was a worthy thing to include in the theory discussion on 
developments here. But due to all the uncertain es regarding CAAEL at this point it will not be 
focused on further in the thesis. This is to avoid too much discussion or results based around 
uncertain es, as well as avoiding clu er regarding the already large combina on of “possible 
scenarios” for which results are to be presented. 

2.5.3 Electrolyser market and CAPEX 
The costs for electrolyser (and fuel cell) devices are given in currency per capacity (for example 
USD/kW) by most economic studies on them. This number varies with several factors, such as 
produc on volume, produc on year, and the system capacity itself. 
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Figure 2-18: Announced electrolyser production capacity. Image Credit: Iea.org [78]. 

The assump ons for the case studies, is that the produc on year will be roughly 2030 (or later), 
and the volume of produc on is assumed to be increased enough for economies of scale to start 
lowering costs considerably from those seen today. Figure 2-18 above shows announced 
manufacturing capacity. Showing that it is purported to increase about an order of magnitude 
by 2030, while s ll not quite reaching the NZE 2030 (Net Zero Emission Scenario 2030). 

An important and surprisingly significant metric is how the cost per capacity changes as a 
func on of the system size. Reksten et al. proposes a cost trend-line as a func on of system size, 
shown in Figure 2-19 below. 

 

Figure 2-19: Cost per kW, depending on system capacity in kW. Image Credit: Reksten et. al. [79, p. 38110] 

A goal for case study 1 (energy storage) is to establish a set of system capaci es that are likely. 
The op mal combina on of system capaci es for such a system given the total system CAPEX. 
This is seen as relevant because the configura on of capaci es (charge power, storage capacity 
and discharge power) effects the system opera on and the heat recovery contribu on that the 
system will obtain. 

In order for it to be possible to establish such a realis c/op mal system configura on, the 
rela ve cost of components must be available. Looking at Figure 2-19 it becomes clear that using 
a fixed cost per capacity from literature would quickly lead to wrong results. Thus, cost func ons 
will be developed for all system components, that approximate a typical cost per capacity for 
different component sizes. Methodology for this approach this is presented in sec on 3.3 of the 
Methods chapter. 

Regarding this, it was important to establish for which electrolyser power measure the cost per 
kW was referring to. This is not very explicitly stated (technically) in the Reksten et al. paper. 
However, they men on “plant capacity”, and several of their sources use H₂ produc on capacity. 
One of their sources (from 2003) men ons that out-LHV is the generally used measure for 
electrolyser capacity. To be certain regarding this cri cal measure, the authors were contacted 
by e-mail. They said that the paper referred to “plant input power”. The methodology behind 
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how they established plant input power rela ve to their data sources (many of which gave 
capacity both in kg H₂ out, out-LHV and stack-power) is not described in detail. But here, the cost 
func on will be used with their parameters, using the system size in input-power as the func on 
input. 

2.6 Hydrogen Compression 
2.6.1 Compression methods 
Hydrogen needs to be stored at high pressures to avoid needing very large space-requirements. 
There are several methods for compression. A classical one has been mechanical compression. 
However, due to being large complex devices with high maintenance, and energy efficiency, they 
are best avoided if possible. 

An emerging op on is EHCs. Electrochemical hydrogen compressors. These are solid state 
devices, using a current and a membrane to compress, while also inherently purifying the 
hydrogen. Due to numerous advantages, it will be the component of choice if further 
compression beyond the electrolysis pressure is to be implemented. 

EHC, uses a PEM (proton exchange membrane), just as PEM fuel cells and electrolysers. They 
have a superior efficiency, single stage compression ra os and size, and they also operate silently. 
Mechanical compression on the other hand, generates significant noise, and is also much more 
expensive and difficult when it comes to maintenance [80, pp. 71–72].  

EHC devices also follow an isothermal compression process, which innately requires less energy 
than the adiaba c compression process of a mechanical compressor. Another advantage of EHC 
is that it also innately purifies the H₂ as hydrogen is transported through the membranes [80, p. 
72]. From here on, the EHC will be the discussed form of compression. 

An op on for compression, however, is to store the hydrogen right from the electrolyser (for 
example at 50bar to 80 bar). However, storing it in a gaseous state is tradi onally done between 
350 to 700 bar in order to reduce tank size/space-requirements. Using an EHC also helps with 
purity, which is important to LT-PEMFC (low temperature PEM fuel cells) for example. 

Sec on 3.4 in the Methods chapter will explain in detail the method that was used to 
find/es mate the compression energies for different situa ons in this thesis. In short, an energy 
needed per kg of H₂ compressed from a certain pressure to another will be added to the total H₂ 
produc on input. 

Heat recovery from the EHC will also be implemented. The founda on for EHC compression is 
that it is isothermal. However, the inefficiency of the EHC will produce heat upon the energy that 
goes to isothermal compression. One source stated that 60% or above is usual for EHCs. 
However, the data given by HyET (an EHC manufacturer) contradicts this. Using their graphs 
(Figure 3-10) as a basis and solving for 𝜂  by equa on (3-9), roughly 50% efficiency or 
considerably lower can be found for the efficiency number. This figure changes dras cally with 
current density, and with the pressure ra os. Especially compressing from low electrolyser 
output pressures (e.g., atmospheric) increases compression energy by a large amount. 

2.6.2 Cost of EHC 
When it comes to the cost of EHC, sources are sparse. A paper on recent progress and challenges 
by Marcius et. al. states that: “the capital investment for EHC varies from 143.72 €/kgH₂/day to 
1437.18 €/kgH₂/day compared to the 1944.42 €/kgH₂/ day of a mechanical compressor” [81, p. 
24180]. 
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The unit that will be used for this in this paper, is the cost per kW equivalent (HHV) of electrolyser 
output. While kg H₂ is a dier unit to reference, the kW figure is relevant here. Finding the energy 
flow of the full system being a final goal. To establish this, the following calcula on was done. 

 
𝐶 =  

𝐶 .

24ℎ/𝑑𝑎𝑦
𝐸 .    [$/𝑘𝑊] 

(2-6) 

Where 𝐶 .  is the cost per kg per day, and 𝐸 .  is the energy amount in 1 kg of H₂ (HHV). 
𝐶  is the cost per kW equivalent (HHV) of throughput. This needs to be equal to or greater 
than the electrolyser produc on capacity. For this thesis, the EHC capacity will always be set to 
equal the electrolyser HHV output capacity (in kW). 

In GBP/kW of H₂ throughput equivalent), the lower and upper EHC numbers quoted above, 
becomes 88 and 880 respec vely. In other words, the cost of EHC per throughput, has cost 
figures within a whole order of magnitude. Including it in a cost func on, thus brings with it a 
high degree of uncertainty. 

HyET (an EHC manufacturer) states the cost to be 300 USD/kg/day [82]. This corresponds to 170 
GBP/(kW of HHV H₂), as per eq. (2-6).  In the lack of more pieces of data and nuanced descrip ons 
of EHC cost, HyET’s number will be used in this thesis. It must however be stated that this is a 
rough assump on. It might be an op mis c one regarding the 2030+ scenario. For it, the EHC is 
also assumed to run at a low current density (meaning rela vely higher CAPEX per capacity), 
whereas the conserva ve scenario has it running at a medium current density. 

Then there is the ques on, if this cost should be assumed to for example have a power law trend, 
like the electrolyser. Or to be assumed more linear. It might be the case that EHC units will be 
more modular (as per HyETs current ones) and mass produced in smaller units. Or they could in 
the future be large units that will have their price per capacity go down with higher capaci es. 
Data for this or any manufacturing economics analysis, is as of now yet available. An assump on 
has to be made. 

It is assumed that they will take on a similar rela onship as PEMEL in the future when larger 
devices likely will enter the market. In lack of available data/sources on this front, the EHC cost 
will be added as a factor onto the electrolyser cost. 

Establishing EHC cost es ma on func on 
The 170 GBP/(kW of H₂ throughput equivalent) found above, was derived from numbers that 
HyET based on a produc on rate of 300kg/day [82]. This equates to an electrolyser HHV output 
of 493 kW. Such an electrolyser unit would by the established electrolyser cost func on for this 
case, have a cost per capacity of 537 GBP/(kW H₂ equivalent). The factor one would have to use 
on the electrolysis cost to include the EHC is 1.32. This is a very rough approxima on, but it’s 
seen as a reasonable one in lack of any data. However, since the required EHC capacity is that of 
the electrolyser output, not the input, the 0.32 component of this factor should be mul plied by 
𝜂 . The total cost of electrolyser plus EHC is approximated as: 

 𝐶 (1 + 0.32𝜂 ) (2-7) 

Where 𝜂  is the electrochemical efficiency (HHV) of the electrolyser. 

This is however a simplifica on that may bring with it notable inaccuracy. An a empt was made 
to get as good an approxima on as possible at the me of wri ng, whilst an in-depth analysis of 
EHC cost data or manufacturing economics was found not feasible at this point. A disclaimer is 
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made, that this is a rough approxima on, and in the case of be er sources being available this 
es ma on is subject for revision. However, as will be discussed later, in-accuracies in the cost 
func ons are not predicted to have very large impacts on the thesis results about the value of 
HR. Unless they miss by a large margin. And basing things on a cost es ma on will undoubtedly 
make the results more accurate and relevant than finding results for some arbitrary set of system 
capaci es. 

2.7 Hydrogen Fuel Cells 
The book “Hydrogen technologies” by R. Neugebauer describes fuel cells as follows: 

“Fuel cells are energy converters that transform the chemical energy of a 
fuel into electrical and thermal energy. As such, they enable cogenera on of 

heat and power” [74, p. 253]. 

2.7.1 Fuel Cell Technologies 
There are many different fuel cell technologies. The following table is taken from the R. 
Neugebauer book [74]: 

Technology Advantages Disadvantages TRL 
LT-PEMFC - High power density 

- Long service life 
- Good start-stop and cycle 
stability 

- Low tolerance of contaminants 
- Complex water management 
system 

9 

DMFC - Good start-stop and cycle 
stability 
- High energy density 
(methanol) 

- Low efficiency 
- Low power density 

9 

SOFC - High efficiency 
- High tolerance of 
contaminants 
- Long service life 

- Medium power density 
- Low start-stop, and cycle 
stability 
- Long startup time 

8 

HT-PEMFC High tolerance of 
contaminants Moderate 
startup time 

- Medium start-stop and cycle 
stability 
- Medium power density 

8 

MCFC - Wide range of capacity 
- CO2 management 
- High efficiency when used 
with CO2-based fuels 
- H₂ as a by-product 

- Low power density 
- Low start-stop and cycle 
stability 
- Long startup time 

8 

AEMFC - Precious-metal-free catalysts - Low power density 
- Short service life to date 

3 

 
Table 2-5: Overview over various fuel cell technologies. Taken from "Hydrogen Technologies” [74, p. 255]. 

Here we may recognize the PEM, SO and AE beginnings of abbrevia ons, being the same as for 
the electrolysis technologies. These are also those out of the above that are relevant for use with 
Hydrogen (the book also talking about fuel cells using other fuels. A notable difference, is 
however that AEMFC in this case has a low technology readiness level (TRL), compared to AEL 
which has the highest technological maturity amongst electrolysers. 
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Since a low temperature PEM unit is chosen for the electrolyser already in this thesis, it is right 
away clear that this also will be the case for the fuel cell as well. Besides the fact that the other 
hydrogen op ons have long start-up mes or low cycle stability, and AEMFC has a low TRL. 

The above table also include the reasons that LT-PEMFC predic ons are used for modifying the 
fuel amount calcula ons for the express boats in case study 2. PEMFC is one the fuel cell types 
suited to marine applica ons (together with SOFC) [83]. However, it is the only one that is quoted 
to have high power density, which is vital for applica ons in express boats where weight is 
paramount to overall cra  efficiency. 

2.7.2 Notable differences between fuel cells and electrolysers 
Besides the obvious difference, that they work in opposite direc ons (fuel cells turning H₂ back 
into usable forms of energy), there are some major differences to take note of. 

The first, is that fuel cells are significantly less efficient than electrolysers, both currently and 
when it comes to “future predicted poten al”. Secondly, they are significantly more expensive 
per capacity as well. 

Whereas electrolyser efficiencies range from around 67% to 77% (full system incl. BOP), fuel cell 
efficiencies found in this thesis ranges from 47% to 58%. *This being for the units used in the 
coming case studies. (See sec on 4.2 for calcula ons and cited sources.) 

When it comes to price, the cost es ma on func on for fuel cells (presented in 3.3) indicate 
them being about 2.5 mes as expensive as electrolysers. This however is for the systems NET 
electrical output power in LHV, which is a very different measure than the system input power 
which was used for the electrolyser cost. The op miza on model will however use the net input 
power: The kW equivalent of H₂ HHV as its measure of fuel cell power. To be er keep track of 
energy flow. 

This gives the following rela onship between the fuel cell capacity of the model, and that of the 
cost func on: 

 𝜂 . 𝑧 = 𝑧  (2-8) 

Where 𝑧 is the models fuel cell capacity, the HHV input to the fuel cell. And 𝑧  is the cost 
func ons capacity, the electrical output power. And 𝜂 .  is the HHV efficiency of the fuel cell. 
The cost func on, is then: 

 𝐾 = 𝐶 𝑧  (2-9) 

Where 𝐶  is cost func on for cost per output capacity 𝑧 . 𝐾  is the fuel cell CAPEX. 

Notably, LHV efficiency is the standard measure by most literature and manufacturers. However, 
the HHV- efficiency is used in this paper, because HHV was the sensible measure to use when 
dealing with heat recovery for the electrolyser. The same measure of H₂ energy content must be 
used on each end, in order to rightly keep track of the H₂ used and produced. 

HHV vs. LHV is an area of “major confusion” when talking about H₂ systems. To get HHV efficiency 
from LHV efficiency, a factor of (33.33 kWh/kg) / (39.39 kWh/kg) = 0.846 is applied. HHV 
efficiency is the energy output per HHV energy content (39.39 kWh/kg) of the fuel. LHV efficiency 
is the energy output per LHV (33.33 kWh/kg) energy content. 
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2.8 Hydrogen Storage 
2.8.1 The energy content of hydrogen 
As just men oned,  for hydrogen storage (like with other chemical fuels) one has two different 
energy content values. This has been quoted as “a topic that has given rise to much confusion in 
the literature” [84, p. 281]. HHV is used consistently throughout this thesis for men oned 
reasons, including for the storage energy storage amounts. But be aware that these values are 
18% higher than if the energy contents were given by LHV, which it might be elsewhere. 

2.8.2 Hydrogen Storage Technologies 
Hydrogen can be stored either at high pressure, or in liquid form at lower pressure but extremely 
low temperatures. For the sta onary applica on we’re looking at, it can be noted that weight is 
not an issue outside of installa on. Further, how relaxed the space or compactness requirements 
will be, is uncertain. The most important characteris cs for the coming case studies, is however: 
Energy efficiency, cost of acquisi on, and cycle-life/lifespan. 

The volumetric energy density of H₂ is very low at atmospheric pressure (equa ng to just 3.3 
kWh per cubic metre). This is why it normally compacted as much as feasible [85]. In vehicles 
350-700 bars is common, but going for electrolysis-based pressure levels could possibly be 
acceptable for sta onary applica ons on the expense of larger space requirement. This also 
improves efficiency slightly by avoiding losses associated with compression. However, as seen 
later in sec on 3.4, the energy requirement for compression if using an EHC can be said to be 
rela vely low. 

Liquid Hydrogen Storage 
Liquid storage achieves superior energy density compared to storage of gaseous H₂, without very 
high pressures. But constant energy use is required for cooling, and boil-of rates are rela vely 
high compared to compressed gas leakage. According to the US Department of Energy (US DOE), 
“Using today's technology, liquefac on consumes more than 30% of the energy content of the 
hydrogen and is expensive” [86]. In a storage and CHP system, much of the energy used for 
cooling the hydrogen could poten ally be recovered through heat capture. However, this would 
lead to an overly large por on of the system energy being heat. NASA has performed research 
and demonstra on of zero boil-off liquid Hydrogen [87]. However, energy-requirements for the 
refrigera on will naturally remain high even if boil-off rates can be achieved, considering the 
hydrogen’s phase transi on temperature is -253°C [88]. 

While the overall efficiency of a system with heat recovery may easily match or even exceed that 
of other technologies through heat recovery, this is a misleading indica on of performance in an 
economical energy storage context if one takes into account the lower cost that could be had for 
heat by using a heat pump. Too large losses to heat should thus be avoided when possible. Liquid 
storage will thus not be considered further in this thesis. 
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Figure 2-20: Five H₂ Tanks by Iberdrola. 237 MWh (HHV) capacity for each tank. Image Credit: Idesa.net [89] 

Pressurized Hydrogen Storage 
On the contrary to liquid storage, losses are very low in all types of pressure tanks. So low, that 
they can be considered insignificant. The maximum leak rate allowed by regula ons is 1scc/hr/l 
[90]. For 350 bar this equates to 0.012% of each kg of stored hydrogen leaking out each hour, or 
0.3% per day. For reference, this maximum allowable rate would amount to about “one full 
storage capacity” of H₂ leaking over a year. But this is for the maximum allowable rate during 
tes ng, and manufacturers are likely to stay well inside the safe side of this. If one assumes this, 
it should make for energy loss rates roughly around the same order of magnitude as li-ion 
ba eries (<5% per month) or possibly quite a bit lower [91]. For the purpose of this project, 
leakage rates are considered negligible. They are not considered further, and loss of charge is 
not modelled for either technology. 

There are four categories of pressure vessels. Types 1 to 4 (or o en referred to as type I to IV). 
Listed, in Table 2-6 below. 

Category Construc on 
Type I All-metal 
Type II Metal linear with composite cylinder 
Type III Metal liner with full composite overwrap 
Type IV Plas c liner with full composite overwrap 

 
Table 2-6: Pressure vessel classifications 

Type 1 Pressure Tanks 
Type 1 pressure tanks are commonly found for H₂ in industrial applica ons today. They are made 
of metal only, and are the lowest cost and heaviest gas cylinder type [92]. 

An issue they face, is the Hydrogen embri lement of steels. A common cause of failure for 
pressure vessels, is cracking by fa gue damage (cyclic loading). Steels (and metals in general) are 
much more suscep ble to fa gue damage when they are bri le [93]. The stress required for 
cracks to ini ate and propagate becomes lower when Hydrogen permeate the metal. Several 
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techniques have been proposed to combat this effect. This includes selec ng appropriate 
materials, dimensioning the tanks for a corrosive environment (thicker tank walls), thermo-
mechanical treatment of steels, as well as using coa ngs or protec ve layers on the insides of 
the tanks [94]. 

The service life of standard type 1 tanks depend greatly on their design and there is no general 
“guideline”. Their opera ng pressures usually in the range around 200 bars [95]. An advantage 
they have against the composite-based tanks, are that they are cheaper and easier to 
manufacture in large sizes, such as our applica on will require. 

Two example MEHGC (Mul ple Element Hydrogen Gas Containers) were found. However, figures 
were removed due to copyrighted webpages. See references if visuals are of interest [96], [97]. 
There were however both 20  containers (standard shipping-container size). One contained 6.9 
MWh of (HHV) energy stored at 180 bar, and the other 11.8 MWh at 300 bar. This gives an idea 
of the storage capacity rela ve to storage size. For reference, a Tesla Megapack holds about 4 
MWh and is of roughly the same size (keeping in mind that en re ba ery vs. storage tanks is far 
from a direct comparison). 

Type 2 Pressure Tanks 
Type 2 tanks use composite materials wrapped around the cylindrical sec on of the pressure 
vessel, to deal with the tangen al stresses for which requirements are roughly double than the 
axial ones dealt with by the spherical tank ends [98, p. 786]. 

Type 3 and 4 Pressure Tanks 
Are tanks with full carbon fibre construc ons. In the case of type 3 with a metal inner liner, and 
for type 4, a plas c liner. The liner being the inner gas-impermeable barrier, which isn’t 
necessarily load-bearing (responsible for resis ng pressure). 

These can generally operate at a higher pressure, or alterna vely at a lower pressure with a 
higher cycle life, compared to type I containers [99]. MAHYTECH sta ng that their 60 bar 
lightweight containers can hold for 27 years worths of daily cycles, with a 20-year rated service 
life of the tanks. Their 350-bar tank were however rated for half that. 

Composite tanks are considerably lighter, and thus on the forefront when it comes to research 
in this area regarding hydrogen as a fuel in vehicles. Developments mo vated by this sector, that 
has effects on cost, will also make them more applicable for sta onary storage. The cost of 
carbon fibre is the main reason why they are more expensive than type I tanks. The costs of 
carbon fibre was reported as 70% of costs for large scale produc on of 700 bar tanks by one 
source, and 80% for both 350 and 700 bar tanks by another [100, p. 7], [101, p. 3043]. One source 
can be quoted as saying: “It is expected that with addi onal cost reduc ons in carbon fibre and 
improved manufacturing methods these technologies (composite tanks) could ul mately cost 
less than the tradi onal metal Type I cylinders” [92]. 

Further notes about type IV tank specifica ons, is that in the case of automo ve applica ons 
their empty pressure are quoted as 20 bars (2.5 – 5 % of storage capacity) and their cycle lives 
are given as 5500 cycles. However, these are off course performance indica ons, not general 
specifica ons. 

Example MEGC (mul ple element gas container) units (by NPROXX) was found, which had HHV 
storage capaci es of about 20 MWh for a 20  container or 40 MWh for a 40  container (both 
at 500 bar). The former then holds about the HHV energy content of about 5 similarly sized Tesla 
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Megapacks, or roughly 2-3 Tesla Megapacks of useful energy (going from HHV to LHV, and 
accoun ng for a 2030 fuel cell efficiency). 

2.8.3 A note on the cost es ma on func on for storage tanks 
The cost func on for the storage will be stated in the case study chapters, depending on what 
tank types are chosen. But notably it was decided to assume a linear rela onship here, not a 
power trend-line as done for all the other components. This is thought of as reasonable 
considering the high material costs, coupled with the fact the storage will likely consist of very 
small pressure vessels, predicted to be mass produced in very large numbers. Example MEHG 
container units were seen to consist of anywhere from roughly 50 to 100 small tanks for a 20  
container [96], [97], [102], [103]. And the H₂ systems in the coming case studies will use several 
such units. Thus, the cost will be set to a linear func on of the storage capacity. I.e. the cost 
func on is simply a constant.  

2.9 Heat Pumps 
2.9.1 Heat pump introduc on/fundamentals 
A heat pump is a device that “transfers heat from a low-temperature medium to a high 
temperature one” [104, p. 285]. As illustrated by the figure below: 

 

Figure 2-21: Heat pump principle diagram. Credit for “House Icon” SVG-file: OpenClipart [13] 

Where 𝑊 .  is the energy put into the heat pump from the grid, 𝑄  is the energy that the heat 
pump draws in from (rela vely) cold outside air, and 𝑄  is the heat which is delivered to the 
house. The heat put into the house, is 3 mes as high as the energy that is put into the heat 
pump. This is the fundamental func onality: To “pump heat” from a cold medium, into a ho er 
one (hence its name). 

In the figure we have 𝑄 = 𝑄 + 𝑊 . = 2 𝑘𝑊 + 4 𝑘𝑊 = 6 𝑘𝑊. In reality though, some of 
the 𝑊 ,  would be lost. (All of it going into the house in the figure, is a simplifica on.) But the 
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principle remains as follows: The heat pump provides more heat energy than 𝑊 . , and the 
factor of which it does this is called the COP (Coefficient of performance). It is defined as such: 
 

 
(𝐶𝑂𝑃) =

𝑄

𝑊 ,
 

(2-10) 

 
Where the COP will be in parentheses for use in equa ons in this text, to make it clear it is not a 
product of C, O and P. 

This COP-value will depend on several factors. The quality of the heat pump, and its type of 
source (air, water, or ground) are design choices affec ng this. And so is the output medium (or, 
the heat sink), and the design output temperature into that medium. 

Beyond that, its coefficient of performance will vary depending on the source temperature, and 
the required heat output and temperature. The first varying with weather/climate condi ons, 
and the second varying with heat demand. 

2.9.2 COP-data 
For use in this project, COP-data from the when2heat dataset was used. This is an open-source 
data set, which contain calcula ons (es ma ons) of the COP for 28 European countries, in an 
hourly resolu on, from 2008 up through 2022. 

Since the later described op miza on models worked with a half-hourly me-period, the data 
was smoothed by every other half-hour being the average of the one before and a er it. 

Using this data is off course an approxima on of what would have been. The data is linked to the 
heat demand, and so is indirectly the electricity pricing data. However, the two weren’t in every 
case available for the same years. And more so, the COP data were based on na on-wide 
aggregates, which naturally differs from the exact loca ons and heat demands for our case 
studies [105]. But it is considered a fair enough approxima on of actual varying COP-values for 
the coming case studies. The authors provided the following references to the data descriptor of 
their original data-set, and their working paper about recent updates or extensions of the 
dataset: [106], [107]. 

2.10 The Value of Stored Energy and Recovered Heat in a HESS. 
Due to the fact that only the heat from the fuel-cell gets its value mul plied by a pricing-ra o, as 
well as COP-based pricing dividing the value of sold heat, the actual value of stored energy in a 
HESS (Hydrogen Energy Storage System) with heat recovery is different than it is for ba eries. 
For ba eries, the energy is lost according to the round-trip efficiency. But the picture is more 
complex for a H₂ storage and CHP. This sec on will present some concepts that can help 
understand this picture. 

2.10.1 The Effect of Heat Pump COP on the Value of HR 
When heat pumps are introduced, the value recovered through heat by-product u liza on is 
essen ally lowered by the COP, and effec vely one gets “less back” from heat recovery. The heat 
pumps coefficient of performance divides the cost of heat with itself.  

For the energy storage system, a concept arises of “value ra o”, or “stored energy value ra o”, 
as a func on of COP-values, as well as the pricing ra o 𝑟  that arises between the me 
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charging and discharging. In the context of the simplified modelling used here, the variables 
discussed in this chapter are all considered between two discrete me-points in the model. 

This “stored energy value ra o” mirrors the “economical energy-efficiency” of the system. If you 
put 1 unit of investment into charging the system, this is what you get out on the other side 
economically. Mul plying it with the energy throughput, gives the “profit”. 

Its value for the H₂ storage and CHP system, is derived from the energy efficiencies, pricing ra o 
and COP-values. The le -hand term is the return from selling electrolysis heat, and the right-
hand term is from selling fuel cell output. 

 𝑟 = 𝜂
𝜂

(𝐶𝑂𝑃)
+ 𝑟 𝜂 𝜂 + 𝜂

𝜂

(𝐶𝑂𝑃)
 

 

(2-11) 

Where 𝑟  is the ra o of the stored energy value. (Input value vs. output value.) Where 𝑟  is 
the pricing ra o between the half-hour the energy is bought, and the half-hour it is sold. Notably, 
it is only the fuel cell output (and not the electrolysers), that gets mul plied by this. 

To visualize the effect that heat pump COP values has on the value of the stored energy Figure 
2-22 and Figure 2-23 below show them plo ed for a constant 𝑟  of 2, for the conserva ve 
and op mis c system respec vely. The height of the blue line rela ve to the red one, represents 
how the HR-contribu on to the value of the stored energy. (For a single charge/discharge cycle.) 

 

Figure 2-22: " Value Ratio" of conservative system, as a function of COP (for a pricing ratio of 2) 

 

Figure 2-23: "Stored Energy Value Ratio " of futuristic system, depending on COP (for an example pricing ratio of 2) 
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The green line is for a li-ion ba ery, which can be seen to have an 𝑟  equal to its RTE mes the 
pricing ra o. For ba eries, we have: 

 𝑟 = 𝜂 𝑟        (for fully electrical ba eries) (2-12) 

Where 𝜂  is the round-trip efficiency of the ba ery. 

Meanwhile, the H₂ system has an RTE of about 0.7. However, its star ng point at Joule-based 
heat pricing (COP = 1) is however s ll lower than 0.7*2 = 1.4 above. This is due to the fact that 
the heat recovery from the electrolyser is sold at the same price as energy is bought. Thus, it is 
only a recoupera on on charging costs. It does not take advantage of price-increases, as is done 
by the heat recovery and electrical output from the fuel cell, or the full throughput of a ba ery. 

(The change of COP between me-points is ignored in this discussion for now, in order to focus 
on one and one aspect. The COP will change quite randomly but stay around roughly the same 
value.) 

The higher the pricing ra o 𝑟 , the larger this ini al difference is. At an 𝑟  of 1, the stored 
energy value ra o for a Joule-based heat price, is equal to the round-trip energy efficiency for 
both the systems. However, this is irrelevant, as the system will never charge at a pricing ra o of 
1. Thus, the systems RTE does not represent its performance poten al in the same way as it does 
for a ba ery. 

And, when introducing 𝑟  the distance between the blue line at COP = 1 increases. (See the 
le most values in the plot of Figure 2-22) The term not mul plied by 𝑟  (the contribu on of 
the electrolysers HR) becomes insignificant as 𝑟  goes to infinity. Which it can do, as electricity 
prices go near zero or even nega ve. We are then le  with the right-hand side term being the 
only contribu on to the stored energy value ra o for the H₂ system. 

On top of this, the value of the heat recovery is reduced from being divided by the COP. It reduces 
reciprocally as the COP increases. Even for a COP value of 2 (which is what one might find in the 
very coldest environments heat pumps can operate) the total heat recovery contribu on is 
halved (as seen clearly by the heat terms in equa on (2-11). Or for the case study in London, the 
weighted average COP is 3.3, which means that the contribu on of HR is on average reduced to 
30%, of what it would be with resis ve hea ng. 

The system will only operate, if it can find two me-points for which 𝑟  is greater than 1. And, 
since 𝜂  cannot be used together with 𝑟 to determine 𝑟 , as it can for ba eries, a new 
measure will be introduced to assess the energy-economical performance of the H₂ system. 

2.10.2 The effect of price ra os 
How much larger 𝑟  is than 1, determines how much profit is made per throughput of energy 
that the system has. As per equa on (2-13) below. 

As seen in Figure 2-22 above, it is significantly a lot lower for the H₂ system than the ba ery one. 
Here, the H₂ system isn’t feasible at all when the average 3.3 COP is applied. It’s 𝑟  is lower than 
1. However, the above figures are for an 𝑟  of just 2. Values similar to this or even lower, can 
be found on many days in some years (e.g., 2019). However, for some years the ra o is 
considerably higher, and even intermi ently goes to infinity (due to prices actually being 
nega ve every now and then). 
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The concept of a “pricing ra o performance factor” can be analysed. It describes performance 
of an energy storage system, as a func on of the price ra o. Performance here being the profits 
made in between two me-points in the model. 

To derive it, we start with the equa on for the profit depending on the energy throughput 
between two me-points: 

 𝐾 = (𝑟 − 1)𝐸 𝐶  (2-13) 

= 𝜂
𝜂

(𝐶𝑂𝑃)
+ 𝑟 𝜂 𝜂 + 𝜂

𝜂

(𝐶𝑂𝑃)
− 1 𝐸 𝐶  

 
Where 𝐾  is the profits, 𝐸  is the energy charged, and 𝐶  is the price at the 

me of charging. 

The “pricing ra o performance factor” is defined by the following: 

 𝐾 = 𝑟 𝑟 𝐸 𝐶 = (𝑟 − 1)𝐸 𝐶  (2-14) 

 𝑟 𝑟 = 𝑟 − 1 (2-15) 

It describes the rela onship between 𝑟  and the profits obtained through a charge/discharge 
cycle. For a ba ery, this can be stated quite simply: 

 
𝑟 =

𝜂
𝑅𝑇𝐸

𝑟𝑝𝑟𝑖𝑐𝑒 − 1

𝑟𝑝𝑟𝑖𝑐𝑒

 
(2-16) 

For the H₂ it is not as straigh orward. Subs tu ng its expression for 𝑟  into equa on (2-13) and 
solving for 𝑟  yields: 

 

𝑟 =

𝜂
𝐷𝐻𝑁

𝜂
𝑄𝐸𝐿𝑌

(𝐶𝑂𝑃)
1

+ 𝑟𝑝𝑟𝑖𝑐𝑒𝜂
𝐸𝐿𝑌

𝜂
𝐹𝐶

+ 𝜂
𝐷𝐻𝑁

𝜂
𝑄𝐹𝐶

(𝐶𝑂𝑃)
2

 − 1

𝑟𝑝𝑟𝑖𝑐𝑒

 

(2-17) 

This represents the value with which to mul ply 𝑟 𝐸 𝐶  in order to get the 
“performance” of a single cycle. 𝑟  is seen as a property of the energy storage system depending 
on 𝑟  and the COP. Since it is a func on of two things, plo ng it can only be done with a 
heatmap or in 3D. However, below it is plo ed for a constant COP of 3.3 to illustrate things more 
clearly. Also being plo ed only for posi ve 𝑟  values. The equa on for 𝐾  also hold 
for nega ve 𝑟  as it is cancelled out by a nega ve 𝐶 . But considera ons around this are 
looked away from in this discussion to keep things shorter and less clu ered. 

Figure 2-24 and Figure 2-25 below show 𝑟  for Joule-based pricing and COP-based pricing 
respec vely. It can be seen that the systems are closer to each other for Joule-based pricing. 
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Figure 2-24: Pricing ratio performance factor of the H₂ system (Joule-based heat pricing). 

 

 

Figure 2-25: Pricing ratio performance factor of the H₂ system (Heat pricing for a typical COP of 3.3). 

Re-itera ng that the profits between two me-points is: 

 𝐾 = 𝑟 𝑟 𝐸 𝐶  (2-18) 

One can consider this, in order to describe some characteris cs of the different H₂ systems. A 
first note can be that 𝑟  is a system characteris c and a func on of 𝑟 . Upon this however, 
one has that the obtainable 𝑟  and 𝐸  are highly affected by systems opera onal 
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pa erns (how much and when it charges and discharges). Which again is affected by its 
capaci es such as charge/discharge power and storage capacity. 

For Joule-based heat pricing, as 𝑟  becomes high, the system performance factor 𝑟  
approaches the round-trip energy efficiency of the systems, but minus the electrolyser HR-
contribu on for the H₂ system. Furthermore, when a COP higher than 1 is introduced, 𝑟  is 
decreased further down towards its electrical RTE for the H₂ system. 

This is also evident from equa on (2-18) where we see both the electrolyser HR component and 
the -1, become insignificant when 𝑟  becomes large, leaving us with the expression for the 
fuel cell only. 

The most important observa on from the plot in Figure 2-25 , is that the H₂ system has a very 
severe disadvantage at lower pricing ra os. It needs a higher pricing ra o to be able to obtain 
profitable charge/discharge cycles to begin with. Shown by where its line enters the plot on the 
𝑟  axis. And furthermore, it also rises more slowly a er entering the plot. Before ending up 
at its op mal 𝑟  only with very high pricing ra os. Which s ll is considerably lower than that of 
the Li-ion ba ery. 

It can therefore (due to the values seen in Figure 2-25) be predicted, that the H₂ storage and CHP 
system will not stand a chance at being feasible when pricing ra os are low. In fact, only with 
very high pricing ra os can it hope to be compe ve. If these ra os do occur, the ques on 
regarding the H₂ system’s feasibility, is whether it can obtain a combina on of 𝐸 , 𝑟  
and 𝐶 values, that make up for its lower 𝑟 . 

In other words, its 𝑟 𝐸 𝐶  has to be much greater than that of the ba er, in order 
to weigh up for its lower 𝑟 . This is what this thesis aims to inves gate: 

Can H₂’s vastly cheaper storage together with its modularity of capaci es, 
allow it to achieve this to a sufficient degree to counteract its lower 𝑟 , 

compared to a ba ery-system? 

This is what the op miza on model and capacity alloca on algorithm will be used to find the 
answer to. Through establishing set of capaci es that are op mally adapted to achieve the best 
combina ons of 𝑟 , 𝐸  and 𝐶  over all the me-points of the year, and then 
finding the performance of that system. 

However, it is evident from the 𝑟  values found in Figure 2-25, that in order for it to have any 
chance of making up for its inferior 𝑟  value, it will need to operate in an environment with high 
𝑟  values. Such as the 2022 and 2023 datasets for pricing. 
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3 Methods 
This chapter will give an overview of the methods used. Introduc on to the general theory and 
descrip on of methods used elsewhere in the thesis. 

3.1 Linear Programming 
Linear programming is used to find the op mal solu on to a problem, where the objec ve 
func on (the func on describing the thing that one wants to maximise or minimise) as well as 
the constraints, are made up of linear terms. 

If they are, one can use a linear solver to find an op mal solu on. To do this, the mathema cal 
model has to be stated, together with parameters (such as data and other constants). This is 
done using the python module Pyomo for this thesis. A third-party solver then solves the 
problem and returns the op mal solu on. Gurobi was used in this case. The code for the 
op miza on models and all other code in this thesis, is found in Appendix A. 

In the case studies, the objec ve func on was to minimize opera onal costs. To minimize the 
capital expenditure on energy throughout the year. This problem is solved by finding the values 
of the model’s variables, that gives the op mal value in this sense. 

This solu on represents when and to what degree to operate the components of energy systems. 
E.g., when, and how much to charge and discharge energy. All of these values are averages for 
the me-units that the model is working with. For example, half-hours (case 1) or hours (case 2). 

The solu on of a variable 𝑃  is then a solu on for an array of for example 𝑖 = 8760 values, 
one for each hour of the year. From the solu on of these variables, derived values such as the 
money spent on charge, can be calculated, by mul plying and summing 𝑃  and 𝐶  for 
every 𝑖 the model operates. 

The main result from the model was a simple performance-measure: “Money saved” for case 1. 
Or “money spent” for case 2. Along the way however, looking at graphs of charge/discharge 
pa erns was also useful for interpre ng trends about the systems opera on. Figure 3-1 below 
shows an example of this. The blue line is the charge state (a variable the model has solved for), 
and the yellow line is the electricity price. It can be seen that it charges at mes of low pricing, 
and discharges at high prices. 

 

Figure 3-1: Figure 3 1: Output of LP example. 15 Days of system operation (together with energy cost). 

Several results from the model and their derived values were found useful. Things like the total 
energy throughput, the money saved by electrolyser HR vs. fuel cell HR, charge/discharge, and 
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many others can be derived. Although, the me to analyse or write about all of this was limited, 
and the thesis here focuses on the contribu on of HR. But undoubtedly, modelling the system 
behaviour can be very useful for obtaining data towards lifespan analysis or components and the 
impacts of different system aspects. 

One generally want to find only the necessary variables, and to make others “deferred” if 
possible, in such a model. This makes for a faster solve me. Although the model solved in 5 – 
15 seconds or so, this would add up greatly when running it hundreds or thousands of mes, 
when genera ng plots for different system capaci es. 

Some further variables to be solved for were however needed added compared to a simple 
ba ery. Due to the nature of the H₂ system. The energy streams were split between electricity 
and heat variables, to allow for calcula ng their respec ve different costs, as well as opening for 
the system modula ng the electricity import/export while keeping tabs of the heat recovery, and 
the poten al curtailment of that in the few cases where it was found profitable to do so. 

The mathema cal formula ons of the op miza on models, are stated in their respec ve case 
study chapters. The python code implementa ons can be found in Appendix Aop mize_oes.py 
in Appendix A. 

3.1.1 Inaccuracies and simplifica ons with open-loop linear programming 
Linear programming (LP) is used. This means that it requires using a simplified view of the 
system, where the way it works fit into being described by linear terms. More so, we are using 
open-loop LP, which means that we assume perfect foresight. 

It solves for op mizing the opera on of the system (e.g., when to use electrolysers and fuel cells), 
based on having all informa on into the future when it comes to pricing and demand etc. 
Obviously, this will produce a be er outcome for any system, than the one that actually could 
be achieved with real-world limited foresight regarding this informa on. 

The result becomes the op mal solu on when all me-points across the whole year (in this case) 
are considered. This can be seen as the theore cal upper bound for the actual opera onal 
performance. 

When it comes to the actual predic on of these data, demand can be roughly predicted based 
on historical data and weather and temperature forecasts. Pricing is o en given for day-ahead 
markets one or two days in advance, but pricing forecasts farther into the future can likely be 
very uncertain. How the system would actually decide its opera ons is not within the scope of 
this thesis. Only establishing the men oned theore cal upper bound that would arise from 
perfect opera on is. 

How close actual opera onal efficiency could be to reaching this upper bound, depends on how 
good the system that controls the system is. A combina on of closed-loop (rolling horizon) and 
machine learning/AI employing weather forecasts and a mul ple of different variables, could be 
employed. But no ma er their success, the efficiency of opera on will naturally be quite a bit 
lower than that which the determinis c, open-loop op miza on produces. 

One important remark regarding this, is that it will be a lot easier to achieve closer results to the 
open-loop opera on, for a system adapted to daily storage. As opposed to one adapted to long 
term or seasonal storage. This would be mostly due to day-ahead prices being available, as well 
as accurate assump ons on heat demands. This means that the results form an open-loop 
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op miza on are likely farther from actual achievable results when it is used on a system with a 
large storage capacity that takes advantage of seasonal price varia ons. 

As men oned, any thought to the magnitude of this discrepancy is not within the scope of this 
thesis, but the reader is asked to keep in mind this difference between the systems that are more 
seasonal in their opera on, vs. those that operate more daily. 

Specifically, li-ion ba ery systems are innately suited to daily opera ons, due to their rela ve 
low storage capacity to power ra o, and low scalability in this aspect. Whereas H₂ for example 
can be freely scaled for these capaci es. 

The alloca on of resources towards large storage capacity for the H₂ system however brings with 
it new poten al market possibili es and use-cases. (E.g., providing needed seasonal storage, or 
absorbing surplus from sources with more long-term varia ons such as wind and hydropower. 
Which could be awarded through certain incen ves or market schemes.) Direct explora on of 
this is however outside the scope of this thesis, but it was men oned as a counterweight to the 
disadvantage large-capacity storage has in terms of daily opera ons only. 

Lastly it can be men oned that certain system behaviours that aren’t linear, are also simplified 
in order for them to fit within LP op miza on modelling. The inaccuracies from this are assumed 
to be small enough to consider an LP solu on to be considered a good approxima on. But these 
aspects will be men oned and discussed around the systems in their respec ve case study 
chapters. 

3.2 H₂ system capacity alloca on op miza on 
A er the op miza on model that found the op mal opera on of the energy storage system in 
case 1 was developed, a next step was to find a way to determine the op mal system capaci es. 
The combina on of charge power, storage capacity and discharge power, for which the 
op miza on model would find the highest “money saved”. 

The resources to be allocated in order to find this point, was the system CAPEX. To find the 
op mal set of system capaci es for a constant CAPEX, two approaches were developed in 
python. 

The first, was a “capacity alloca on algorithm” that iterated itself towards the op mal 
combina on of capaci es based on a given CAPEX. This algorithm was conceived from, not based 
on any previous exis ng methods or ideas pertaining to this type of case that the author knew 
about. It is however a basic hill-climbing algorithm, which, as pointed out by supervisor Assoc. 
Prof. H. Johnsen, is a common concept o en used in various applica ons. 

The second script, simply generated results for all possible combina ons of system capaci es 
within the given CAPEX and plo ed them in order to show the rela on between system 
capaci es and money saved. 

The hill-climbing algorithm was a tool for itera ng towards the op mum set of capaci es within 
a few minutes. The second, was a tool to view the rela onship between system capaci es and 
“money saved”. This was also developed to confirm that the surface which the hill-climbing 
algorithm operated on was convex with a single global maximum. Thus, valida ng that the hill-
climbing algorithm would work correctly. The hill-climbing/capacity-alloca on algorithm can be 
found in loop_for_op mal_oes.py in Appendix A, and the surface genera on algorithm code can 
be found in 3D_viewer.py in Appendix A. 
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3.2.1 The System Capacity Alloca on Op miza on Algorithm for Case 1 
The capacity-alloca on algorithm iterates itself towards the highest performing system 
capaci es. In essence, the algorithm is naviga ng a hypersurface the 4D space (x, y, z, m). The 
three system capaci es and the “money saved” that the op miza on model returns for those 
values. 

This could be visualized as a heatmap in 3D space. The three system capaci es, charging power, 
storage capacity and discharging power, are hereby defined as x, y and z respec vely. Both when 
referring to equa ons and plots, and in the python code. Through the results of the op miza on 
model, they define the posi on in the 4th dimension, the “money saved”, or 𝑚. 

However, since we are keeping system CAPEX constant we can introduce the following equa on, 
which makes any one system capacity implicit of the other two. 

𝐶 (1 + 0.32𝜂 )𝑥 + 𝐶 𝑦 + 𝐶 𝑧 = 𝐾  (3-1) 

 
Where the total investment for the parts is 𝐾 , and the 𝐶 variables are defined by the 
cost func ons. 𝑥, 𝑦, and 𝑧 are defined as charge power, storage capacity and discharge power 
respec vely. Input power, HHV content of H₂ and 𝐻𝐻𝑉 input to the fuel cell to be precise. 

𝐶  and 𝐶  are also func ons of their respec ve system sizes 𝑥 and 𝑧. 𝐶  is in this thesis 
assumed to be a constant. Expressions for these will be established for the relevant components 
in the case study chapters, and the methodology to do so is presented in sec on 3.3 below. 

Through equa on (3-1), we can reduce the dimensionality of the alloca on problem. From 
having a hypersurface in 4D space, we can now reduce it to a surface in any of the 3D sub-spaces 
of said 4D space. Equa on (3-1) above defines a surface in the subspace (x, y, z), but this also 
amounts to defining surfaces in the other 3D subspaces. For example, as x and z defines y, and 
x, y, z defines m, we also have that x, z defines m. Thus, we have a defined surface in the space 
x, z, m as well. Implicitly from eq. (3-1). 

Solving for the surface in x, y, z is how the algorithm determines its test-vectors. It will find a set 
of nearby points in different direc ons, that is in this plane. By naviga ng this surface in the 
(𝑥, 𝑦, 𝑧) subspace, it simultaneously navigates a surface in the (𝑥, 𝑧, 𝑚) subspace. It is this surface 
(visualized in Figure 3-2 below) that the algorithm can be visualized as “hill-climbing”. 

A reason the extra step of visualizing the problem as a surface in 3D is explained, was so that this 
visualiza on could be used to verify that the hill-climbing algorithm would find the maximum. In 
Figure 3-2 below it can be seen that the surface has a single global maximum (as opposed to 
having several, or the op mal being outside the feasible domain). Thus, we can know that the 
algorithm will converge to the op mal capaci es. 

The surface varies in shape depending on the parameters given to the op miza on model, but 
it has been observed to have this general shape for all tested scenarios. It also is intui ve that it 
will have this shape, as approaching zero of either capacity will make the system both unable to 
perform well, as well as returning higher costs per capacity for capaci es. 

What the algorithm does from start to finish is the following: First, it starts at any random point, 
defined by an arbitrary x and z value, solving for y. Then it chooses test-vectors a set step-length 
(given by a ra o, e.g. 1.3) that sa sfy equa on (3-1). It then it employs mul -processing to run 
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the op miza on model for each of these test-vectors in parallel. It then collects the results, 
chooses the capaci es that gave the best results, moves there for the next itera on, and repeats. 

This con nues, un l the step size makes the test-vectors overshoot the op mal point to such a 
degree that it can’t find a be er result than it had. At which point the step size is reduced. 
Enabling the algorithm to find the op mal set of system capaci es eventually. Termina ng, once 
the step-size is below a certain threshold. 

 

Figure 3-2: Money saved as a result of charge and discharge power. With algorithms path to maximum. 

As men oned, this was developed from the ground up, supervisor Assoc. Prof. H. Johnsen 
poin ng out that this is a general concept used for various applica ons. It was however not put 
any emphasis into developing this algorithm into a state-of-the-art version of itself for this 
project or doing any in-depth research on how others have approached similar methods. If it was 
to be improved, the first step the author would do, would be to inves gate genera on of more 
efficient test-vectors. However, the algorithm was seen as serving its purpose sufficiently as is 
for the current applica on. Poten al room for improvements is acknowledged. 

The demonstra on run of the algorithm visualized in Figure 3-2 above, started with a ra o of 
capaci es that is similar to what might be found in a typical li-ion ba ery (3.3 mes the storage 
in kWh as power in kW). The red line visualizes its path to the top. In this example, with this 
star ng point, it used a single-digit number of steps to get within 1% of the op mal solu on, and 
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the system performance (money saved) was doubled from its star ng point. (The plot was of an 
early test-run for method valida on, not necessarily represen ng the final model.) 

The hill-climbing algorithm used a bit over 2 minutes to find the top (each step running the 
op miza on model 6 mes). The genera on of the surface, however, can take hours, depending 
on resolu on and processing power. 

This demonstrates that poten ally large gains in performance can be found by op mizing the 
propor ons between the system capaci es. All subsequent men ons of an “op mally allocated 
H₂ system”, refers to a system that has had its capabili es allocated to the op mal configura on 
for its per nent year of opera on, by this algorithm. 

3.2.2 Mass genera on of results from all possible configura ons 
The hill-climbing algorithm was made for frequent use, to enable quickly finding the op mal 
combina on of system capaci es while looking at the numerous scenarios in case study 1. The 
script that generated the full surface on the other hand, runs the op miza on model 
(parallelized) for all feasible combina ons of two system capaci es. For example, charge power 
(electrolyser) and discharge power (fuel cell). 

It was at first developed to verify that the hill-climbing algorithm would work. Through the 
observa on that the surface is convex, with a single global maximum. However, it can also be a 
useful tool for analysis or system design. 

 

Figure 3-3: Heatmap of money saved on the plane of discharge power and charge power 

Figure 3-3 above, shows the 2D heatmap of money saved, with the top 2% in red and the 
maximum marked with a blue X. As can be seen, a rela vely wide range of system capaci es can 
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be chosen to achieve very close to op mal system performance. Through this, one could for 
example choose the set of capaci es within a certain threshold from the top, which is best suited 
to prac cal implementa on or using available off the shelf components. 

While this plot takes up to hundreds of mes longer to generate than the hill-climbing algorithm 
takes to converge (depending on resolu on and CPU core count), the run- mes are s ll 
reasonable enough for it to be a usable tool. Although running it for every scenario in case study 
1 would have been very imprac cal, thus the hill-climbing algorithm was developed for that 
purpose. 

3.2.3 Inaccuracies of the capacity alloca on methods 
In-accuracies must be taken into considera on when assessing results from this tool. More 
definite results can only be achieved using a MILP (mixed integer linear programming) model 
that had actual unit-prices for off-the-shelf as parameters. However, future pricing on actual off-
the-shelf units from 2030 and beyond is naturally not possible to determine at this point. The 
cost func ons is the best approxima on available of this. More so, considering the top of the 
surfaces (like those in Figure 3-2 and Figure 3-3) are quite flat near their maximums, it is likely 
that some off-the-shelf components within a low threshold from the top will be available.  

It mainly then depends on the accuracy of the cost func ons themselves. If they are in-accurate, 
the above methods will produce configura ons of the system that represent higher or lower 
capaci es than would actually be possible to achieve. However, the cost func ons are the best 
es ma ons that was found for this thesis, and such es ma ons is needed to be able to configure 
a realis c system config. based on a CAPEX at all. It is thus seen as the most pragma c and 
realis c way possible for defining the system configura ons that a given CAPEX would produce. 

3.3 Cost func on methodology for Hydrogen Components 
The algorithm that produces the op mal set of capaci es, needs func ons for the 𝐶-variables in 
equa on(3-1) . Without this, there is no knowing how much improvement the H₂ energy storage 
system could really achieve through alloca ng its capaci es, so even if cost func ons are 
approxima ons, it is seen as be er to use them than to choose arbitrary system capaci es to 
inves gate HR contribu ons for. 

The methodology for obtaining these cost func ons is described in the following sec ons. For 
the electrolyser, an established methodology was found, however, more approximate methods 
based on assump ons were adopted for other components. 

3.3.1 Cost func on for electrolysers 
Reksten et. al. proposes the following equa on for a non-linear least square fi ng of AEL and 
PEMEL costs as a func on of system size:  

 
𝐶 = 𝑘 +

𝑘

𝑄
𝑄

V

𝑉0

 

 
(3-2) 

 

Where 𝐶 is the cost per capacity, 𝑉 stands for the year in ques on, 𝑉  is the reference year (here 
2020), 𝑘, 𝑘 , 𝛼 and 𝛽 are fi ng constants. Which, when fi ed to the data in Figure 3-4 below, 
gives the parameters shown in Figure 3-5. 
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Figure 3-4: Data for electrolyser cost per capacity, by system size. Image Credit: Reksten et. al. [79, p. 38109] 

 

Figure 3-5: Projection parameters for AEL and PEMEL for equation (3-2). Image Credit: Reksten et. al. [79, p. 38110] 

This func on plo ed (by Reksten et. al.) for AEL and PEMEL technologies, in 2020 and 2030 
respec vely, is shown in Figure 3-6 below. 

 

Figure 3-6: Cost per kW, depending on system capacity in kW. Image Credit: Reksten et. al. [79, p. 38110] 
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It is seen that the cost per capacity changes dras cally with the capacity of the system. This has 
to be taken into account when dimensioning the system for case 1, as in alloca ng CAPEX to the 
different components/capaci es of the system. As in charging power (electrolyser), storage 
(tanks) and discharging power (fuel cell). 

At first, a linear rela onship based on USD/kW were considered, but this is much too inaccurate 
unless dealing with small domains in the several mega-wa  class. Low-capacity systems would 
also have been over-es mated through the algorithm trading electrolyser and fuel cell capaci es 
for extreme/unrealis c amounts of storage. 

Whereas these equa ons are not pin-point accurate, as seen in the data presented in Figure 3-4, 
they are seen as providing a reasonable approxima on of what costs one can expect to find in a 
future 2030+ market. 

For pinpoint accurate results rela ve to CAPEX, one would need data from the actual 2030+ 
component marketplace, and feed these into a MILP (mixed-integer linear programming) model. 
However, 2030+ component pricing is naturally not available as of now, and the above is thus 
seen as the best approxima on available. 

Figure 3-7 shows the plot of the Reksten et al. func on, together with the power series trend-
line of its point (do ed blue for all points, and do ed burgundy for two points). Notably, for a 
small, case 1 adapted system size. The curve fit was done for a much larger domain for case 2. 

 

Figure 3-7: Cost per capacity, as a function of system size (for PEMEL, including compressor) [(GBP/kW)/kW]1 

The work that Reksten et. al. did on fi ng equa on (3-2) to electrolyser pricing data, is however 
not done for fuel cells. It is however seen, that a power series trendline, is a good approxima on 
for their equa on, even with a few data-points. 

For this thesis, the manufacturing economics for PEMFC devices is approximated to be at least 
to some degree similar in nature to that of a PEM electrolyser. A similar cost per kW rela onship 
will be established for fuel cells as well. 
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Figure 3-8 below shows the curve for a PEMFC device based on three data-points.  

 

Figure 3-8: Functions for fuel cell (gold dotted line and three data-points) and electrolyser (blue lines) 

It must however be said that only three data-points does not give great confidence. However, 
surprisingly few sources were found with consistent data for FC cost based on system size. An 
a empt to get a be er founda on should be done if possible and/or re-using an approach like 
this. However, for the applica on at hand, es ma ng HR-contribu on, the above is considered 
a fair approxima on.  

For EHC and storage tank costs, different approaches than the power trend-line fit will be used. 
The underlying discussion on this is found in Appendix B (ref. its own table of contents). But in 
short, the EHC is included as a factor 𝐶 . (1 + 0.32𝜂 ). The EHC cost is considered 
bundled with the electrolyser into the func on used in the algorithm. 

This is likely the most error prone part of the cost func on es ma ons. It is done in lack of be er 
resources on the area, considering that EHC is a nascent technology with too li le data available 
for a proper curve fit. 

When it came to storage tanks, their total cost was assumed to have a linear rela onship with 
overall capacity. Considering the high number of small size gas bo le units being, as well as the 
high material costs of those units. 

Overall, the cost func on approxima on methodology is something that has innate uncertainty, 
on top of being an approxima on (vs. using a MILP method) in the first place. On the other hand, 
it is necessary to approximate them, in order to be able to establish a logical/op mal system 
configura on at all. 

Mostly however, inaccuracies in cost func ons will affect the inaccuracy as to what CAPEX the 
system really represents. It will likely not have major implica ons for the results regarding the 
contribu on of HR. 
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Due to the flatness near the top of the “performance surface” (as seen in Figure 3-2 and Figure 
3-3), we saw that a rather generous part of the domain was close to maximum performance. 
What the thesis seeks to do is to find the HR contribu on of a configura on that is approximately 
within this region. In other words: To find the HR contribu on of system configura ons that are 
reasonable and realis c for this type of system. 

What an inaccuracy in the cost func on will do in regard to affec ng results on HR contribu on, 
is essen ally to move this area and thus give an unrealis c system configura on for which the 
op miza on model is run. But since the area near the top of this surface is this flat, it can be 
considered that an inaccuracy to the loca on of the top doesn’t affect things too greatly. 

While HR contribu on was found to differ between different configura ons tested in the model, 
it did however do this to quite a small degree for COP-based pricing. No ceably more so for 
Joule-based. While the approach of establishing system configura ons through the methods 
described here brings with it innate inaccuracy, it was s ll seen as the most accurate way of  

Thus, the larger effect of an inaccurate cost func on that the author would like to point out, is 
that the CAPEX of configura ons found by the capacity alloca on algorithm will in reality diverge 
from the constant CAPEX they are supposed to represent. The method is however seen as 
suitable for its main purpose here: Establishing realis c system configura ons to check HR 
contribu on for. 

As a last note: The cost func ons are to represent the scenario of the case study: 2030+ 

3.4 Calcula ng the compression energy 
The following method was used to calculate the compression energy. As men oned, EHC will be 
the assumed compression technology for all cases. It operates on the principle of isothermal 
compression. 

Deriving the formula for compression energy 
The theore cal minimum energy needed to isothermally compress hydrogen depends on the 
pressure before and a er compression. A er which, one takes the given efficiency of the 
compressor into account. 

“Hydrogen Compression Technology” states that the theore cal minimum isothermal 
compression energy from 20 bar to 350 bar is 1.05 kWh/kg, and from 20 bar to 700 bar is 1.36 
kWh/kg. The source however does not state the formula used, so it will be derived below, 
star ng with the work expression by isothermal compression of an ideal gas in the case of an 
infinitesimal change in volume or pressure. Which is as follows [104, p. 167]: 

 𝑊 = 𝑃𝑑𝑉 = 𝑉𝑑𝑃 (3-3) 

The expression for 𝑉(𝑃) can be found by ideal gas law and subs tuted into the equa on above. 

 
𝑉 =

𝑛𝑅𝑇

𝑃
 

(3-4) 

Where 𝑅 is the universal gas constant, 𝑃 is pressure and 𝑇 is temperature, and 𝑛 is the number 
of moles (in this case for 1 kg of H₂, which is what we’re trying to find the compression energy 
for). To avoid confusion, the product 𝑛𝑅 is “just the gas constant” and may be what is referred 
to as 𝑅 elsewhere. The above expression uses 𝑛 = 496 moles/kg for H₂, and 𝑅 is the “universal 
gas constant”, the product of which is the “gas constant” of H₂. 
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However, ideal gas law does not account for intermolecular forces, which makes it inaccurate, 
more so at the higher pressures. The concept of a compressibility factor can account for the 
discrepancy in volume between an ideal gas and an actual one [104, p. 138]. The modified 
expression for 𝑉 becomes: 

 
𝑉 = Z

𝑛𝑅𝑇

𝑃
 

(3-5) 

Where Z varies by pressure and is given by the plot in Figure 3-9 below. In order to integrate 
𝑉𝑑𝑃, 𝑍(𝑃) is in this instance approximated by the following. 

 
𝑍 = 1 +

0.42

700
𝑃 

(3-6) 

Which is a linear approxima on for the values given for 300K (near ambient temperature, 27°C). 
This was done opportunis cally as its Z-value changes roughly linearly with pressure. However, 
for the more accurate results, 𝑍 should be approximated with a be er curve fi ng, or the 
integra on should be performed using an interpola on over collected data points for Z. 

 

Figure 3-9: Compressibility factor for H₂. Image Credit: Elberry et. al. [108, p. 3] 

The expression for the work becomes 

 
𝑊 = 𝑉(𝑃) 𝑑𝑃 = Z

𝑛𝑅𝑇

𝑃
𝑑𝑃 = 1 +

0.42

700
𝑃

𝑛𝑅𝑇

𝑃
𝑑𝑃 

(3-7) 

Solving the integral yields: 
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W = 𝑛𝑅𝑇 ln

𝑃

𝑃
+  

0.42

700
𝑃 −

0.42

700
𝑃  

(3-8) 

 
No ng, that the work needed per ideal gas law scales linearly with temperature, whereas the 
coefficient in the 𝑍 func on goes down slightly with it. In the above func on, the same 
approximated func on for Z is always incorporated. However, seeing how close for example the 
250K and 350K lines are to each other in Figure 3-9 it is considered a good approxima on. 

Per the me of wri ng, a more expansive plot or func on for 𝑍 values depending on temperature 
is not found. Extrapola ng where the line for 350 Kelvin would be in Figure 3-9 could be argued 
to yield about 𝑍 = 1 + (0.38/700)𝑃, which is more aligned with the opera ng temperatures 
seen for AEL and PEMEL (350 K = 77°C). 

Inaccuracies regarding the rough assump on of 𝑍 for other temperatures than 300 K, will occur 
with this method. But, experimen ng with 𝑍 values between 1 + (0.3/700)𝑃 and 1 +

(0.6/700)𝑃 (based on the 200 K line and assumed posi on of the 400 K line) shows that this 
inaccuracy in any case accounts for a roughly 2.5% difference, over a span as large as 200 K.  

However, if temperatures much higher were to be considered, from high temperature 
electrolysis (even with HR/cooling implemented on gas streams), a more accurate source than 
above for its 𝑍, would have to be acquired. 

Accoun ng for 𝜂  
Using 𝑛 = 496 mol (for 1kg of H₂), 𝑅 = 8.314 J/(mol K) (the universal gas constant) and using 
300K as the temperature (26.9°C), yields the same numbers stated in “Hydrogen Compression 
Technology” for both pressure increases. 1.05 and 1.36 kWh/kg for compression between 20 to 
350 and 700 bar respec vely. Values obtained by the above formula were both 0.01 lower than 
those given by the source. They did not state how they calculated theirs, but the formula derived 
above seem to give equivalent results. The small disparity could come from the linear 
approxima on of the compressibility factor, or other input being slightly different. Said numbers 
being the theore cal compression energy, before taking 𝜂  into account. Doing that, the work 
func on becomes as follows: 

 
𝑊 =

𝑛𝑅𝑇

𝜂
ln

𝑃

𝑃
+  

0.42

700
𝑃 −

0.42

700
𝑃

1

3.6 ∗ 10
 

(3-9) 

 
A paper about recent progress and challenges in EHCs, claim that their efficiency “tends to be 
higher than 60%” [81]. However, it is not as straigh orward as just assuming this figure for any 
EHC. A presenta on by HyET (“Hydrogen Efficiency Technologies”, a manufacturer of EHCs) gave 
efficiency figures for EHC compression, in terms of the compression energy needed per kg of H₂ 
[109]. As seen in Figure 3-10 below. 
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Figure 3-10: Compression energy from 10 to P bar depending on current density. Image Credit: HyET [109]. 

Firstly, it can be seen that increasing current density, leads to lower efficiency (higher energy 
consump on). This can be thought to have the same background as it does for PEMELs. Higher 
current density leads to higher cell voltage, which reduces efficiency. 

This also speaks to the characteris c that a more efficient EHC will be innately more costly, 
because it needs to run at a lower current density to achieve the high efficiency and thus needs 
a larger PEM (its chemically ac ve surface area), which as discussed earlier, has a majority of its 
associated cost coming from material costs, thus scaling quite steeply with the PEM size. 

More so, further losses are associated with the “impact of H₂ cross-over” [109]. Leak currents, 
and permeability coefficient, both being func ons of the cathode pressure. Thus, both back-
pressure and current density affect 𝜂 . 

The permea on is calculated as per the given permeability coefficient graph on slide 21 of HyET, 
to be negligible. Leak currents seem to be more substan al. However, the data necessary to 
perform calcula ons with these was not obtainable (or, HyET has not responded with inquires 
of exact data or their methods of calcula ng the plot in Figure 3-10 at the me of wri ng this). 

As men oned, the compressor efficiency and cost, will be combined with that of the electrolyser 
for this thesis, as their throughput must be roughly the same. Thus, a figure is needed when it 
comes to the cost of EHC, and the efficiency of EHC. However, detailed specifica ons from 
manufacturers or off the shelf hardware were not found. Simplifica ons will have to be made for 
this thesis. 

Considering that (especially for the energy storage and CHP case) round-trip efficiency is very 
important (the reason for, will be explained in sec on 2.10), a low current density EHC will likely 
be employed. 



67 
 

For reference the effect that the compression energy has on the “energy throughput efficiency” 
of the electrolyser is as follows: 

 
𝜂 . . =

𝐸 ,

𝐸 ,

𝜂 . .
+ 𝑊

 
(3-10) 

 
For an arbitrary (but realis c) electrolysis efficiency of 0.7, this would amount to reducing it from 
0.7 to 0.67 for the lower end compression efficiency of 2kWh/kg H₂. For the upper end of 8 
kWh/kg H₂, the total electrolyser throughput efficiency would be down from 0.7 to 0.59. Later 
results show that the la er efficiency reduc on is extremely detrimental to system performance, 
and thus the assumed decision is to minimize the compression energy as much as possible, 
despite any cost difference it would incur for the EHC CAPEX. The blue line will thus be used as 
the reference in this thesis. 

This is however for an input pressure of just 10 bar. Which is less than the output pressure of 
many electrolysers. (PEMEL for example opera ng in 50 to 80 bar.) What will be done, is to use 
a simplified method to adjust for this. The process will go as follows: 

A compression energy will be chosen for the post-compression pressure from Figure 3-10. This 
will then be linearly scaled by the ra o between the theore cal energy for the pressures we want 
to find the energy for, and those that the plot gives (always being from a star ng pressure of just 
10 bar). This is a simplified, rough es mate, based on the efficiency of the EHC staying constant 
with varying pre-compression pressures (e.g., 50 bar instead of 10 bar). Considering the pressure 
difference over the membrane is smaller, the efficiency is likely in actuality be er, and thus this 
is considered a conserva ve es mate. As an example, the theore cal energy for 50 to 250 bar is 
half that of 10 to 250 bar, and in such a case, a factor of 0.5 will be used on the energy given in 
the chart. 
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4 Case 1 – Combined Energy Storage and CHP system 
This chapter is split in four parts: 

- The “Introduc on”, where the structure and goals for the case study are 
summarized. Repea ng the circumstances and background and describing what 
the case study tries to do in short. 

- The “setup and dimensioning” where said background is consolidated to 
establish specifics of the envisioned case. This part will include the design choices 
for the H₂ system and the descrip on of that, as well as arguments for decisions 
taken and any case-related assump ons. (This is partly deferred to Appendix B) 

- The “Op miza on model”, where the mathema cal formula on of the linear 
program is presented and discussed. 

- The “Results and discussion”, where the results from the model are presented, 
and then discussed. 

4.1 Introduc on 
As introduced, this first case-study will look at an envisioned H₂ energy storage and CHP-plant in 
London. It is envisioned to be connected to a district hea ng network. 

Background for the case is found both in the Introduc on and Theory chapters. Sec on 2.1.1 
discussed the UK energy market and its future prospects. Sec on 2.10 discussed the value of 
recovered heat in the case of heat costs being heat-pump based. 

The case study was also to inves gate different states of H₂ technologies. Considerable 
improvements are expected towards 2030 and beyond. However, degrada on of efficiency for 
electrolysers and fuel cells is significant. Thus, system configura ons with more conserva ve 
efficiencies will also be inves gated/presented. This will be done by including results for a 2023 
state of H₂ technology too. In this way, the conserva ve performance of a 2023 system will be 
included for reference, which is also intended to give an idea of how a degraded 2030+ system 
would perform. 

The degrada on between 2030 electrochemical efficiencies and those found for 2030, represent 
a 21% reduc on for the fuel cell and a 12% reduc on for the H₂ produc on. It cannot be 
answered within the scope of this thesis, exactly what degrada on should be allowed in the 
context of this case study. But it is found sensible to allow the fuel cell to degrade more, as its 
heat recovery output is innately more valuable from being sold at mes of peak energy pricing, 
whereas the electrolyser HR is not. 

All in all, there are quite a mul tude of scenarios that are to be inves gated. There are two 
system specifica ons. These will be inves gated in three pricing years. And all of these cases will 
have results for both heat-pump/COP-based heat pricing and resis ve hea ng. 

Thus, the result chapter will be split up. The first results chapter will be for resis ve based 
hea ng, also referred to as Joule-based heat pricing. Whereas the second one will show what 
happens if hea ng was to be based on the COP-values of heat pumps. Both in terms of overall 
performance, and the contribu on of heat recovery towards that performance. 

But first, the next sec on will present the setup of the envisioned case, as well as the 
dimensioning of energy storage system. 
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4.2 Case study setup 
4.2.1 Case scenario 
Energy Storage System - Case Concept Repe on/Summary 
The case study is about an envisioned storage system, around the me of 2030+, or once 
economies of scale have become established around H₂ components to the degree that 
referenced sources state in their cost es ma ons. 

The case is to take place in London. Natural gas (or fossil fuel based) hea ng is phased out, and 
DHNs are much more widely used than today. (As per the background presented in the 
introduc on and theory chapters.) 

The HESS, or hydrogen energy storage and CHP system, is to provide electricity and heat to a city 
neighbourhood or district, where the energy flow is as shown in Figure 4-1 below. 

 

Figure 4-1: Hydrogen energy storage and CHP. (Simplified/basic layout) 

And the DHN layout in which it operates, is described by Figure 4-2 below. 

Where the heat load is simplified in to a total DHN distribu on network load, as follows 

 
𝐿 = 𝐿 .  

(4-1) 

This value is given as data. It is the heat demand of the houses. 
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Figure 4-2: DHN layout for case 1. Credit for “House icon” SVG-file: OpenClipart [13]. 

Here, 𝑃  and 𝑃  are the electrolyser and fuel cell input powers (in the considered me-period, 
usually being an hour or half-hour). 𝑃  is defined as the amount of heat that is bought from 
“whatever heat source is available”. In this case, it is the heat exchanger with the city DHN 
transporta on network. But it could also be a water-source heat pump for example. 

What is to be modelled, is the distribu on network loop. Although, the diagram in Figure 4-2 
above, only shows the heat components. The model also considers the electricity demand of the 
houses connected to the DHN (distribu on loop). 

The performance of the system is measured in “money saved”. This is defined as: 

How much less money is spent on energy for the district as a whole, 
compared to not having the system there. 

And the district, is here defined as the group of houses connected to the distribu on network. 

Each house is however not modelled. Since the focus here is on the H₂ system, it was chosen to 
simplify the DHN part by grouping all loads and considering the district as a unit. 

The basis for the case study, starts with electricity consump on data for 25 houses, together 
with accompanying heat demand, and COP-data (from renewables.ninja and the when2heat 
dataset). The es mated inputs used with renewables.ninja for the genera on of heat-demand 
data ended up at 80% of the total energy-need for the houses from the first try. This matches 
exactly the average heat-share of demand for domes c energy use in the UK [12]. 

The size of the district will however not be 25 houses, as it turns out it will not be sensible to 
implement an H₂ system with components that are suitably small for that DHN-size. This is due 
to the cost of H₂-related components being very high per capacity for smaller units. As seen by 
the cost-func ons in sec on 3.3. The size of the DHN that is suitable for the system will be 
considered at the end of this “Case study setup” sec on. 
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First the choice of component type, and their efficiency figures will be established. And then the 
system CAPEX is to be established. 

In this case, the system CAPEX will be established as the base dimensioning criteria. A scenario 
that fits a sensible systems size will be found. Instead of the other way around. 

The system CAPEX will be set to a level that is found no not cause unreasonable prices according 
to the cost func ons (which have large costs per capacity for small systems). And then the DHN-
size onto which the system will be a ached, will be chosen. This is a er all a study to find the 
“poten al” of H₂ with HR in this scenario, and it is thus found sensible to create a scenario where 
HR is not limited by DHN size, and where the system isn’t severely limited by an unsensible cost 
per capacity for some components. 

4.2.2 Electrolysis for case 1 
Electrolysis technology choice 
For case study 1, an electrolyser that will cycle on and off once or more daily, and one that can 
fit into the loca on of a DHN hub without incurring extra large infrastructure costs is preferred. 

A PEM electrolyser is seen as the op mal/likely technology for use in 2030+. Reasons include the 
rela vely compact size compared to an alkaline one, which both makes the applica on of heat 
recovery more manageable, as well as the space requirement and installa on process. Sources 
also quote simpler maintenance and three mes faster startup mes [10, p. 2]. 

The la er will be advantageous with regards to thermal losses associated with recurring (daily 
or more frequent) start-up/shutdown of produc on. Especially considering the considerably 
higher thermal iner a/capacity of an alkaline unit as well. 

SOEL could be an interes ng op on due to the possibility of delivering DHN 3.0 temperatures. 
However, DHN 4.0 or 5.0 is seen as more future-oriented, as well as more in line with the HR 
temps for fuel cells for the case 1 system. The most important reason for choosing PEMEL is 
however the predicted price decrease. In addi on to all the other advantages, more power per 
CAPEX is assumed to make PEMEL the clear choice in the future, for any applica on where 
u lizing electricity price-vola lity is central to the opera on. 

The PEM electrolyser specifica ons will be based on the NEL MC250 (see cita on for 
visualiza ons of container and cell stack size) [110]. 

Electrolysis energy efficiencies 
The work on establishing the full electrolysis system efficiency was quite long. Thus, the in-depth 
literature review and detailed calcula ons can be found in Appendix B. 

In short: Three sources were inves gated regarding HR calcula ons. The first was found to be 
flawed in the later stages of the project, upon which the other two were found and their methods 
adopted. Based on these, the heat loss from the electrolysis stack was considered near negligible 
even before insula on is applied. The stack is very power-dense while having just an 80°C 
opera ng temperature. Thus, virtually 100% of the energy heat output to the stack was counted 
as recovered. The BOP input (being a loss) was established on top of this, and compression losses 
were calculated and added. 

The “system power” for electrolysis is then defined as: 
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 𝑃 = 𝑃 + 𝑃 + 𝑃  (4-2) 

Out of 𝑃  the energy output splits in three. H₂, heat by-product and BOP losses. Energy 
flows are visualized in Figure 4-4 below for the conserva ve system, and Figure 4-5 for the 
op mis c system. 

Electrolysis spec. → 
Outputs ↓ 

Conserva ve Op mis c 

Electrochemical (HHV) 65.2% 73.7% 
Heat 22.0% 13.0% 
Total (energy-efficiency) 87.2% 86.7% 

 
Figure 4-3: Electrolysis efficiencies 

The used compression energy might be somewhat op mis c. Sources were reviewed to find and 
validate electrolyser efficiency as well as assump ons on BOP-power. The compression energy 
was es mated as per the method from sec on 3.4. It was assumed a medium current density 
for the conserva ve case, and a low current density for the op mis c case. Today’s EHC 
efficiencies align more with high current densi es, however, it is stated that: “Current 
developments will lead to significantly lower energy consump on rates” [111]. 

It must however be said that this is somewhat of a departure from statements that the 
conserva ve system should represent 2023 efficiencies. This was a choice based on a low current 
EHC being installed in the op mis c system and then degrading to a medium current density. It 
was seen as more relevant for the conserva ve system to represent a degraded version of the 
2030+ one, than to be more accurate in terms of what one can get off the shelf in 2023. It was 
seen as likely that the EHC wouldn’t be allowed to degrade to high current densi es in that 
context. 

Possibly counter-intui vely, the total energy efficiency is higher for the conserva ve system. This 
is because the conserva ve system has a rela vely lower share of its full power input to stack + 
BOP, due to its higher compression energy. While also having a lot higher HR-share of its 
compression power. When the small heat losses from the stack are considered negligible as done 
here, the system with the higher compression power thus has a higher RTE (round-trip 
efficiency). See Appendix B for calcula ons of the above/below figures, as well as in-depth 
literature review with sources. 

Notably, sources o en quote ~94-95% efficiency for electrolysers with heat recovery [10], [112]. 
But the values found for the system above include compression energy, and also BOP-power. “A 
Comprehensive Review on PEM Water Electrolysis” states figures that indicate 7% of input 
energy going to BOP as a lower end es mate, and 25% as a higher end es mate [113, p. 4904]. 
Thus, the 88% of input energy to stack (12% to BOP) found for the electrolysis system (pre-
compression) in this thesis is seen as reasonable  
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Conserva ve/2023+ electrolysis efficiencies 

 

Figure 4-4: Electrolysis Energy Input to Output 

Op mis c/2030+ electrolysis efficiencies 

 

Figure 4-5: 2030+/Optimistic Electrolyser Efficiencies 
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4.2.3 Storage for case 1 
Storage units/technology 
The unit type to be used, comes down to the long-term costs, and environmental concerns. The 
cycle life would be weighed against the cost of acquisi on. However, no reliable sources on a 
good cost of acquisi on of a full storage system (with piping, auxiliary structural components 
etc.). 

Whether type I or type IV will be used is also an environmental concern. Taking into account their 
environmental impact vs. their cycle life. A conclusion on what is the best op on is a large body 
of work deemed outside the scope here, and it is assumed that MEGC (mul ple element gas 
container) units with type IV composite tanks will likely be used. Those will be the basis for the 
cost func on. 

4.2.4 Fuel cell for case 1 
Technology choice 
Due to the high TRL, be er start/stop stability and an opera ng temperature that matches the 
chosen electrolyser, PEMFC is chosen as the fuel cell technology. 

Conserva ve/2023 system specifica ons 
Specifica ons for large fuel cell units including heat recovery was harder to come by than for 
electrolysers. Either small units or “outdated” efficiencies were referred to when this was 
researched. 

For the conserva ve system specifica on, the basis for the efficiency assump ons will be a 
smaller unit from Panasonic in 2021 [11]. It is assumed that this device is conserva ve es mate 
for electrical and heat-recovery efficiencies, represen ng both 2023 state of tech while being a 
good representa ve of a degraded 2030+ system. 

It is claimed (as of 2021) to achieve the industry’s best commercially available electrical efficiency 
as of 2021, at 56%. It has a built-in heat exchanger that delivers output water at a temperature 
of 60°C, compromising 39% of the input energy. The overall efficiency is thus 95% [11]. 

However, all of the above were figures given for LHV, and must thus be adjusted down by a factor 
of 33.33/39.39 = 0.846 for the context of this case. Where HHV is worked with. 

The HHV-based efficiencies of the full fuel cell system for the conserva ve scenario, is es mated: 

 𝜂 . = 47.4% (4-3) 

 𝜂 . = 33% (4-4) 

Making fuel cell total energy efficiency compared to HHV about 80 %. 

Op mis c/2030+ system specifica ons 
As for future expected efficiency figures, sources claim quite varying figures. “PEM Fuel cell and 
electrolysis cell technologies and hydrogen infrastructure development – a review” states that 
by 2030, efficiencies of 68% is expected by 2030, and “ul mately” 72% [114]. 70% will be used 
for the 2030+ scenario (beginning of life) efficiency. 

This is interpreted to be the LHV-based efficiency (this seems to be the conven on for sta ng 
fuel cell efficiency figures). The adjusted electrical efficiency is: 
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 𝜂 . = 57.5% (4-5) 

 
The heat loss is assumed to remain constant, equalling 5% of the LHV input. The available HR 
(rela ve to HHV input) then becomes: 

 𝜂 . = 0.846(100 − 70 − 5) = 21.2% (4-6) 

Which makes for a fuel cell total energy efficiency of about 79%. 

4.2.5 DHN for case 1 
DHN genera on 
The DHN genera on is assumed to be 4th gen. This allows for the 60°C output temperature of 
the fuel cell to be u lised, while avoiding the very large costs of implemen ng a 5th gen network. 

Se ng up the system size and DHN size 
The base size for this case in terms of data, was 25 houses. This is the number for which electricity 
consump on data was for. However, due to the cost curves described earlier, it would not make 
sense to implement a H₂ storage and CHP for such a small number of houses. The cost per 
capacity would either be too large, or the heat absorp on of the houses would greatly limit the 
systems opera on. 

Thus, the case will be “scaled up”. Sized to a level that makes sense when it comes to the cost 
func ons. Both in terms of achieving a reasonable cost per capacity, and while being within the 
domains for which the cost func ons are assumed to be accurate. 

Arbitrarily, a CAPEX of 1.915M GBP was found to be a suitable input to the “capacity alloca on 
algorithm”. The same CAPEX as two of Tesla’s Megapack 2, excluding installa on costs. However, 
no ng that this only includes the CAPEX of the electrolyser, compressor, tanks, and fuel cell in 
the case of the H₂ system. This CAPEX input was found to produce system capacity values that 
were around reasonable domains of the cost curves. 

The DHN-size was in this envisioned case, sized according to the system. In a poten al real 
applica on, it may have been the other way around. The important factor here, is that that the 
capacity for taking up the recovered heat exists, so that the poten al value for HR can be found. 

A DHN size of 500 domes c units was chosen to be a realis c one for the described system, in 
terms of negligibly limi ng the u liza on of recovered heat. This is also with considerable room 
to spare (leaving room for u lizing the city DHN connec on well). For reference, it was observed 
that going down towards 100 houses of heat demand would not induce more than a few 
percents of loss in performance (money saved). 500 houses is on the upper end of what is 
considered a medium-sized DHN in the UK [115, p. 2]. 

The DHN size was adjusted in the python script by using a district sizing factor variable, dsf, which 
scaled all appropriate data and parameters. It is known that this might somewhat change the 
realism of the electricity consump on data. A group of 500 houses may tend to have a somewhat 
smoother curve than one of 25. But the difference is assumed to not be cri cal with a base 
sample size of 25. 

The DHN efficiency is simplified as a constant, as per described in the DHN sec on of the theory 
chapter. 
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 𝜂 = 0.90 (4-7) 

4.2.6 System efficiencies summary 
Table 4-1 below presents a range of found efficiencies or energy output shares. Figure 4-6 and 
Figure 4-7 below show the full energy flows for the ~2023 and 2030+ system specifica ons 
visually  in a more intui ve format. 

System Specifica ons 2023 specifica on 2030 specifica ons 
Electrolyser efficiency pre-compression 0.697 0.77 
Electrolyser efficiency incl. compression 0.652 0.737 
Electrolyser heat recovery 0.22 0.13 
Electrolyser and compression full efficiency  0.872 0.868 
Fuel cell electrical efficiency 0.474 0.575 
Fuel cell heat recovery 0.33 0.212 
Fuel cell total efficiency 0.79 0.79 
DHN efficiency 0.90 0.90 
System round-trip electrical efficiency 0.31 0.42 
System round-trip HR output (pre DHN) 0.55 0.28 
System round-trip HR output (post DHN) 0.49 0.25 
System total RTE pre DHN-loss 0.74 0.71 
System total RTE with DHN-loss 0.70 0.68 

 
Table 4-1: System specification versions, as found/derived in section 2.5, 2.6, 2.8 and 2.7. 

Notably, the overall efficiencies including HR are quite similar. Actually, the total efficiency of 
the op mis c system is lower. This is largely because more of its electrolyser energy output 
goes to the fuel cell, which then has rela vely higher losses for to BOP and non-recovered heat. 
Thus, the total energy-efficiency is actually lower than the conserva ve system. However, for 
the applica on at hand, it is a far more important metric to have a higher share of the energy 
at the fuel cell export which is at mes of high pricing. Furthermore, electrical output is also 
innately more important when a COP based pricing is introduced. Thus, the op mis c system 
will perform be er by a large margin. This is shown by 𝑟  values for the system in Figure 2-25. 

The electrical efficiency is about 1.36 mes higher on the op mis c system. Whereas its fuel 
cell heat output has about a 0.64 ra o to the conserva ve one, being the most important 
factor in how much HR will contribute to its success. 

Following is the energy flows rela ve to the energy input for each system specifica on. 

As presented in chapter 2.10, a more “relevant” performance indicator than energy efficiencies 
does exist for this type of system. The pricing ra o performance factor: 𝑟 . Plots of this for each 
system can be found on page 51. Meanwhile, the figures below visualize well where the input-
energy ends up. 
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Conserva ve system energy flow 
(All numbers rela ve to 100% electrical energy in) 

 

Figure 4-6: Conservative system energy flow 

Op mis c system energy flow 
(All numbers rela ve to 100% electricity in) 

 

Figure 4-7: Optimistic system energy flow 

4.2.7 Cost func ons for case 1 
To run the case, cost func ons were needed for the main components, or rather, the system 
capaci es. The following is those cost es ma on func ons. 
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Electrolyser CAPEX es ma on 
From the EHC chapter in the Theory-chapter, we had that the electrolyser + EHC cost was 
es mated with: 

 𝐶 (1 + 0.32𝜂 ) (4-8) 

Where 𝐶  is the cost per capacity, as a func on of system size. Subs tu ng in Reksten et al.’s 
equa on for 𝐶  and mul plying with the system size, we have the system cost: 

 
𝐾 = 585.85 +

9458.2

𝑥
𝑥 .

2030

2020

.  

1 + 0.32𝜂
𝐸𝐿𝑌

 
(4-9) 

Where 𝐾  is the cost of the electrolyser, 𝑥 is the electrolyser system input power in 
kW, and 𝜂  is the electrochemical efficiency. 

Tank CAPEX 
In depth literature review, sources, and discussion on this is found in Appendix B. In short, 
sources predict tanks to be very cheap in the future. Furthermore, MEGC (mul ple element gas 
containers) o en consist of something like 50-100 elements, and said elements are thought to 
be mass produced at a large scale. Thus, the cost of storage is approximated as being linear: 

 𝐾 = 𝐶 𝑦 = 11.2𝑦 (4-10) 

Where 𝐾  is the cost, and 𝑦 is the storage capacity in kWh. 

Fuel Cell CAPEX 
Again: In depth discussion with sources are found in Appendix B. The cost func on for fuel cells 
is a rougher es ma on than the one done by Reksten et al. for electrolysers. A source having 3 
data-points for different system sizes around 2030 was found. A power trend-line fit was 
performed, and the shape of the func on was found to be logical. 

The fuel cell cost is given from the 𝐶  per output power. However, the model treats the fuel-
cell power as the HHV input. Thus, the func on for 𝐾  adjusts for this, and becomes: 

 𝐾 = (0.846𝜂 𝑧)𝐶 = (𝜂 𝑧)4925.6(𝜂 𝑧) . = 4167.8(𝜂 𝑧) .  
 

(4-11) 

Where 𝜂  is the HHV electrical efficiency, 𝐶  is the cost per capacity func on, and 𝑧 is the HHV 
input power (in kW H₂-equivalent) to the fuel cell. 

Capacity CAPEX summary 
Figure 4-8 below shows the cost func ons for electrolysers and fuel cells respec vely. For fuel 
cells it seems to go down a bit more steeply than for electrolysers, which is sensible regarding 
fuel-cell market trends discussed in Appendix B. It doesn’t align par cularly well with the three 
data-points, however looking at Reksten et al.’s extensive electrolyser data it is also seen there 
that points differ considerably from the trendline. As discussed elsewhere, the func ons are in 
any way a rough es ma on for allowing the algorithm to establish a “realis c” system capacity 
configura on. Notably, the cost func on for the electrolyser is for the cost per system input 
power, whereas the for the fuel cell it is cost per electrical output. 
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Figure 4-8: Cost functions for PEMEL and PEMFC 

4.3 Op miza on model 
Note: A superscript 𝑖 denotes a variable for which there exists one instance per me-period (half-
hour) in the op miza on model. 

4.3.1 Model nomenclature table: 
Variable En ty/Explana on/Comment Type Domain 

𝑷𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒂𝒍
𝒊  Average power imported from the grid 

to direct use for electrical appliances 
Unknown Reals 

𝑷𝒉𝒆𝒂𝒕
𝒊  Average power imported from the grid 

to direct usage for hea ng specifically 
Unknown Non-nega ve 

Reals 
𝑺𝒊 Storage state of charge Unknown Non-Nega ve 

Reals 
𝑷𝒄𝒉𝒂𝒓𝒈𝒆

𝒊  Average power imported from the grid 
used on the electrolyser 

Unknown Non-Nega ve 
Reals 

𝑷𝒅𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒆
𝒊  Average brake power from the fuel cell 

(power delivered including all losses) 
Unknown Non-Nega ve 

Reals 
𝑳𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒂𝒍

𝒊  Electricity load, excluding hea ng Data Non-Nega ve 
Reals 

𝑳𝒉𝒆𝒂𝒕
𝒊  Average net heat demand. (Heat to be 

delivered) 
Data Non-Nega ve 

Reals 
𝑪𝒆𝒍𝒆𝒄

𝒊  Average cost of energy per kWh Data Non-Nega ve 
Reals 

𝜼𝑪𝑶𝑷
𝒊  Average COP of the heat pump Data Non-Nega ve 

Reals 
𝜼𝑫𝑯𝑵

𝒊  Efficiency of the DHN Constant Non-Nega ve 
Reals 

𝜼𝑬𝑳𝒀
𝒊  Electrolyser electrochemical efficiency Constant Non-nega ve 

Reals 
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𝜼𝑭𝑪
𝒊  Fuel cell electrical efficiency Constant Non-nega ve 

Reals 
𝜼𝑸𝑬𝑳𝒀 Frac on of energy charged that goes to 

heat 
Constant Non-Nega ve 

Reals 
𝜼𝑸𝑭𝑪 Frac on of energy discharged that goes 

to heat 
Constant Non-Nega ve 

Reals 
𝑷𝑴𝒂𝒙𝑫𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒆 Fuel cell maximum power input Constant Non-Nega ve 

Reals 
𝑷𝑴𝒂𝒙𝑪𝒉𝒂𝒓𝒈𝒆

𝒊  Electrolyser maximum power input Constant Non-Nega ve 
Reals 

𝑺𝟎 State of charge at the beginning Constant Non-Nega ve 
Reals 

𝑺𝒎𝒊𝒏, 𝑺𝒎𝒂𝒙 Minimum and maximum charge states Constants Non-Nega ve 
Reals 

Table 4-2: Nomenclature for Linear Optimization Model 

4.3.2 Model formula on: 
Objec ve func on 
Minimize 

 
𝑃 + 𝑃 + 𝑃

𝜂

(𝐶𝑂𝑃)
𝐶      ∀𝑖 = 1, … , 𝑛 

(4-12) 

subject too 

Electricity Demand Constraint: 

 𝐿 = 𝑃 + 𝑃 + 𝜂 𝑃      ∀𝑖 = 1, … , 𝑛 (4-13) 

Heat demand Constraint 

 𝐿 ≤ 𝜂 𝑃  + 𝜂 𝑃 + 𝜂 𝑃      ∀𝑖 = 1, … , 𝑛 (4-14) 

Heat Curtailment Constraint 

 𝜂 𝜂 𝑃  + 𝜂 𝑃 + 𝜂 𝑃 − 𝐿

≤ 𝜂 𝜂 𝑃 + 𝜂 𝑃      ∀𝑖 = 1, … , 𝑛 

(4-15) 

Discharging Max Power Constraint 

 𝑃 ≤ 𝑃      ∀𝑖 = 1, … , 𝑛 (4-16) 

Charging Max Power Rule 

 𝑃 ≤ 𝑃      ∀𝑖 = 1, … , 𝑛 (4-17) 

Inventory/Storage Balancing Constraints 

 𝑆 = 𝑆  (4-18) 

 𝑆 = 𝑆 − 𝑃 + 𝜂 𝑃      ∀𝑖 = 2, … , 𝑛 (4-19) 

Non-Nega vity Constraints 
 𝑃 ≥ 0     ∀𝑖 = 1, … , 𝑛 (4-20) 
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 𝑃 ≥ 0     ∀𝑖 = 1, … , 𝑛  

 𝑃 ≥ 0     ∀𝑖 = 1, … , 𝑛  

 𝑆 ≥ 0     ∀𝑖 = 1, … , 𝑛  

4.3.3 Explana on of the objec ve func on and constraints 
The objec ve func on is the sum over all me-points, of all energy expenditure associated with 
a cost. I.e., electrical appliances, hea ng and charging energy for storage. This is to be minimized. 
Equivalent to the money saved by the system being maximised. The money saved, being the 
difference between having the system and having no system. 

The electricity demand constraint makes sure that the electricity demand is met at all mes. 
Notably, since 𝑃  is not constrained to be non-nega ve, it can represent selling energy, if 
photovoltaic electricity and storage discharge becomes larger than the electrical appliance 
demand. Using a separate non-nega ve variable for sold electricity was considered (and at one 
point done), but this approach was abandoned as it is not necessary, and makes the model solve 
slightly slower. 

The fact that 𝑃  can be nega ve also means that through it, the model can virtually 
transfer 𝑃  to 𝑃 . The model doesn’t keep track of those variables going towards charging, 
but selling the electrical energy for market price and buying it straight back for charging is 
equivalent. This is also, why the generated solar amount for this case (which allows grid charging) 
is actually irrelevant. The profitability of the system depends fully on the market prices. The solar 
data was however s ll kept in the model for poten al comparisons of its usefulness to that of 
the storage system, and for a poten al version of the model that didn’t allow for grid charging. 

The heat demand constraint ensures heat demand is met at all mes. It also however allows the 
curtailment of heat, in order for the H₂ storage and CHP to be able to operate on its electrical 
efficiency alone if the solver finds this profitable. 

The heat curtailment constraint is however needed, to ensure that this curtailment represents 
no more heat than is actually the by-product of the H₂ system. Without this, the solver would 
curtail infinite heat through 𝑃  in order to make money during nega ve electricity prices. 

The charging and discharging max power constraints, limits the charging and discharging rates 
to that of the electrolyser and fuel cell input power. 

The inventory balancing constraint makes sure that the tank level changes correctly, according 
to the charge-powers that were used in the previous me-period. 

Lastly, the non-nega vity constraints are there to make sure that there is no nega ve charging, 
discharging, hea ng, or storage level.  

4.4 Case 1 Results 
As men oned, the results will be presented both for the scenario of COP-based heat pricing 
(considered a worst-case scenario for the system), as well as with Joule-based/resis ve hea ng-
based heat pricing (a best-case scenario for the system). 

In this way, the contribu on of heat recovery can be shown for both extremes. Results will be 
given for two system specifica ons (low end and high-end efficiencies), and for three different 
years of electricity prices. 
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The plot of electricity prices is repeated below, as they are a highly relevant context to the 
following results. Poin ng out, that 2019 has rela vely stable prices, 2022 has extreme seasonal 
varia ons, and has intermi ent periods with near zero or nega ve pricing. Another thing to keep 
in mind is that it is obtainable pricing ra os holds considerable significance, not just the pricing 
amplitudes. 

 

Figure 4-9: Electricity Prices for the UK in 2019, 2022 and 2023 [GBP/kWh] [28], [29] 

Also keeping in mind, that the results are for a system that is connected to a district of 500 
houses. 

4.4.1 Results with Joule-based heat pricing 
The first presented result will be the “years to recover component CAPEX”. This indicates the 
economic feasibility of the system in the first place. See Table 4-3 for result figures. No ng, that 
the installa on CAPEX and maintenance costs should also have been added for a truer “years to 
recuperate expenses”, which would have made the below figures considerably larger s ll. 

It is here evident that the system stands no chance at being feasible for the low pricing varia ons 
found in 2019. This was expected based on characteris cs discussed in sec on 2.10. 
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Years to recover component CAPEX (with Joule-based heat pricing) 
System spec. → 
Pricing year ↓ 

2023 system specifica ons 2030 system specifica ons 

2019 CAPEX/(money saved) 211 194 
2022 CAPEX/(money saved) 19 19 
2023 CAPEX/(money saved) 37 36 

 
Table 4-3: System results | Years to recover component CAPEX 

The 2023 scenario also seems unfeasible. Whereas the 2022 one could poten ally be plausible. 
It depends on economic considera ons outside of the scope of this thesis. In the long run, all the 
tanks have to be replaced at certain intervals, whereas for the electrolyser and fuel cell, the 
largest long-term costs are associated with replacing the PEM components. However, details on 
life mes for these parts are not to be inves gated in this thesis. 

The above figures however give an idea for what they would need to be for this type of system 
to be feasible, in these scenarios. From here on, the 2022 and 2023 pricing scenarios will be 
presented further, as the 2019 scenario is deemed “in any case irrelevant”. For the system to be 
viable in the 2022 or possibly the 2023 scenario, the cost of components would have to go down 
even farther than they will towards 2030 (which the cost func ons here are based on). 

It is concluded that very high pricing varia ons is needed for an H₂ system like this to stand a 
chance at being economically feasible. This was as expected due to ma ers discussed in sec on 
2.10. However, in addi on to this it is found that component costs will also need to go down 
considerably more than they are predicted to by 2030. The above is a er all for Joule-based 
pricing which is probably quite a bit more op mis c than one could hope for. 

Money saved by the H₂ storage and CHP system (with Joule-based heat pricing) 
System spec. → 
Pricing year ↓ 

Conserva ve Op mis c 

2022 money saved 100059 GBP (7%) 101000 GBP (7%) 
2023 money saved 51570 GBP (7%) 53585 GBP (7%) 

 
Table 4-4: System results (with Joule-based heat pricing) | Money Made, in GBP/year. 

Here, in the resis ve hea ng case, we can observe that the results are not very different between 
the two system’s efficiency-specifica ons. The percentages represent how large the profits of 
the system were, compared to the full energy-expenditure of the 500 houses in the DHN. 

Although the capacity alloca on algorithm has “paid as much” per fuel cell output as the 
op mis c, despite its fuel cell being less efficient. So, the fuel cell capaci es of the conserva ve 
system above represents something that is slightly higher than the degraded op mis c system 
would be. This is how the results were chosen to be presented. 2023-efficiencies op mized, vs. 
2030 efficiencies op mized, based on the cost func ons. 

It can be men oned that if the system capaci es of the op mis c system were run with 
conserva ve efficiencies, it would for this case degrade its performance by about 7—8% while it 
goes towards 2023 efficiencies. 

All in all, it can be seen that the systems perform fairly similar with Joule hea ng, despite one 
having a far lower electrical efficiency. HR is able to decently make up for the 𝜂  degrada on. 
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Before moving on to the heat recovery contribu on, the system configura ons that were found 
op mal will be presented. 

System configura ons for each system (with Joule-based heat pricing) 
System spec. → 
Pricing year ↓ 

2023 system specifica ons 
[ELY input, HHV storage, FC output] 

2030 system specifica ons 
[ELY input, HHV storage, FC output] 

2022     823 kW | 61.2 MWh | 423 kW     866 kW | 54.7 MWh | 454 kW 
2023   1811 kW | 24.3 MWh |317 kW   1697 kW | 23.9 MWh | 352 kW 

 
Table 4-5: The (optimal) system configurations for each pricing year (for Joule-based heat pricing) 

Here we see what the capacity alloca on algorithm found as the op mal system configura ons. 
The major trend is that the 2022 pricing year (the one for which the system is most feasible) has 
a very large energy storage amount. This is due to the high seasonal price-varia ons that year. 

The 2023 scenario on the other hand, has a large emphasis on inves ng in electrolyser power. 
Likely in order to u lize the intermi ent dips into nega ve pricing that occurred that year. 

To find the heat recovery contribu on, the scenarios were all run with zero HR (also being 
capacity op mized for zero HR), and the difference in “profits” were found. The following values 
is the “performance decrease from removing HR”. Represen ng the “value of heat recovery” for 
the H₂ system in each scenario. 

Heat recovery contribu on for the H₂ storage and CHP system (with Joule-based heat pricing) 
System spec. → 
Pricing year ↓ 

2023 system specifica ons 2030 system specifica ons 

2022 HR-contribu on 62% 46% 
2023 HR-contribu on 52% 40% 

 
Table 4-6: System results (with Joule-based heat pricing) | Money Made, in GBP/year. 

For Joule-based heat pricing, roughly half of the performance disappears when HR is disabled. 

4.4.2 Results with COP-based heat pricing 
It is expected that performance will take a large hit when COP-based heat pricing is the case. 
However, to what degree, and how much HR con nues to contribute, is not necessarily 
straigh orward, due to the rela onships discussed in sec on 2.10. 

Money saved by the H₂ storage and CHP system (COP-based pricing) 
System spec. → 
Pricing year ↓ 

Conserva ve Op mis c 

2022 money saved [GBP] 51162 GBP (11%) 64384 GBP (14%) 
2023 money saved [GBP] 28755 GBP (12%) 37158 GBP (15%) 

 
Table 4-7: System results (with COP-based heat pricing) | Money Made, in GBP/year. 

As COP-based heat pricing is introduced, we see that the systems overall performance (money 
saved) is reduced by a factor by about 0.5 to 0.7. However, since the overall cost spent on energy 
is that much lower now (with about 80% of energy being for hea ng, which is now a lot cheaper) 
we have that it saves rela vely more in terms of much it reduces energy expenditure. 

Another difference is that the op mis c efficiencies system now has a definite advantage over 
the conserva ve one, whereas with Joule-based heat pricing they were fairly close. 
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While it takes a higher share away from energy expenditure, it has however a much-reduced 
performance rela ve to its CAPEX (as men oned, 0.5 to 0.7). This means, that it looks like the 
system is far out of being in conten on for 2023 prices and likely the same, even for 2022 as well. 
As men oned, it seems that a price decrease beyond what is predicted for 2030 will be needed. 
But the results also show that the heat contribu on of the systems aren’t as different as expected 
between vastly different system configura ons, at least for COP-based pricing. Likely due to HR 
no longer being a decisive factor in how the system operates. Being more like an “add on” feature 
instead of a domina ng one as it was for Joule-based heat pricing. 

Thus, the HR results could s ll be quite accurate, even into a future where the combina on of 
price-vola lity and much further reduced component costs could occur. 

Years to recover component CAPEX (with COP-based heat pricing) 
System spec. → 
Pricing year ↓ 

2023 system specifica ons 2030 system specifica ons 

2022 CAPEX/(money saved) 37 30 
2023 CAPEX/(money saved) 67 52 

 
Table 4-8: System results | Money Made, in GBP/year. 

If there ever will be such a scenario (in terms of component cost and price vola lity), the 
following is the op mal system configura ons for different years. 

System configura ons for each system (with COP-based heat pricing) 
System spec. → 
Pricing year ↓ 

2023 system specifica ons 
[ELY input, HHV storage, FC output] 

2030 system specifica ons 
[ELY input, HHV storage, FC output] 

2022     851 kW | 65.6 MWh | 368 kW     803 kW | 67.3 MWh | 366 kW 
2023   1920 kW | 26.4 MWh | 254kW   1799 kW | 25.4 MWh | 295 kW 

 
Table 4-9: The (optimal) system configurations for each pricing year (for Joule-based heat pricing) 

It can be seen, that very large storage amounts are priori zed even higher for the 2022 set with 
this heat pricing. Maybe because the lower 𝑟  value leads the system to become op mized for 
an even more seasonal type of storage. The capacity algorithm is forced to adapt even more 
towards that due to the lower 𝑟 . (See sec on 2.10 for 𝑟  explained). 

Heat recovery contribu on for the H₂ storage and CHP system (with COP-based heat pricing)  
System spec. → 
Pricing year ↓ 

2023 system specifica ons 2030 system specifica ons 

2022 HR-contribu on 26% 16% 
2023 HR-contribu on 27% 14% 

 
Table 4-10: System results (with Joule-based heat pricing) | Money Made, in GBP/year. 

As for heat recovery dependence, it seems to s ll be fairly substan al. Depending on how far it 
turns out that such a system should be allowed to degrade, it seems like HR will stand for about 
1/5th to 1/4th of the performance contribu on, even with low (pessimis c), purely COP-based 
heat pricing. Roughly 20% on average. Poten ally more than this, depending on how far it makes 
sense to let the system degrade before replacing PEM components. This is equivalent to a 
performance increase by a factor of 1.25. 
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4.4.3 Results compared to Li-ion 
While the focus of this thesis is not the direct compe on against other storage methods, it will 
s ll be men oned shortly here. Keeping in mind, that doing a true “apples to apples” comparison 
includes a vast scope of things not discussed below. The performance (money saved) is not the 
full story. That would include a full cycle life analysis with cycling pa erns, life- me degrada on, 
more advanced op miza on models, sustainability of replacing parts intervals, and more. The 
rela ve performance will s ll be given here, and then their respec ve pa erns of opera on. 

Percentage of money saved compared to Megapack with Joule-based pricing 
System spec. → 
Pricing year ↓ 

2023 system specifica ons 2030 system specifica ons 

2022 – % of MP performance 27% 29% 
2023 – % of MP performance 27% 30% 

 
Table 4-11: Percentage of money saved compared to Tesla Megapack, for Joule-based heat pricing 

Percentage of money saved compared to Megapack with COP-based pricing 
System spec. → 
Pricing year ↓ 

2023 system specifica ons 2030 system specifica ons 

2022 – % of MP performance 14% 17% 
2023 – % of MP performance 16% 21% 

 
Table 4-12: Percentage of money saved compared to two Tesla Megapacks, for COP-based heat pricing 

The large li-ion ba ery here is of similar cost as the H₂ components. But with major associated 
costs le  out for the H₂ system, such as addi onal BOP for the full system, DHN integra on and 
installa on. The li-ion ba ery cost is also without installa on though, which would stand for an 
addi onal 60% cost in its case [40].  

It can be seen that the Megapack has about 3.5 mes the performance with Joule-based heat 
pricing, and around 6 mes with COP-based. If the H₂ system is to become a compe tor, the first 
thing that would have to happen is component costs being reduced well below the predicted 
2030 levels assumed in this thesis. However, this does not necessarily need to happen to the 
degree where H₂ beats li-ion in outright performance. 

If an H₂ system becomes somewhat viable, it is then (amongst many other things) a ques on of 
system lifespans. Which for both depend heavily on cycling. Opera onal pa erns for li-ion is seen 
in Figure 4-10 and Figure 4-11 below. And in Figure 4-12 and Figure 4-13 for the H₂ system.  

 

Figure 4-10: Li-ion cycling in 2023 ↑ 
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Where the blue line is the charge state of the systems, and the yellow line is the cost of electricity. 

 

 

Figure 4-11: Li-ion cycling, 15 days in January ↑ 

The li-ion system (above) can be seen to cycle once or even twice a day for the performance 
found for it. This is a very intensive opera on that can impact its lifespan, a er which the en re 
system has to be replaced. Ba ery lifespan is o en given in amounts of cycles. 

Meanwhile, the H₂ system (below) is a much more intermi ent, larger capacity and long-term 
type of storage system. In order to truly compare the systems, this as well as many other things 
previously men oned should be collected into a large and many-faceted analysis. 

 

Figure 4-12: H2 cycling in 2023 ↑ 

 

Figure 4-13: Li-ion cycling for 15 days in January ↑ 
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4.5 Case 1 Results Discussion and Summary 
The focus of this case study was to find the HR contribu on of such a system. It was found to be 
roughly 50% for a Joule-based heat price, and roughly 20% for a COP-based heat price. 

Based on the “years to make back component CAPEX”, it was also found that the system is far 
removed from a chance at being feasible for 2019 price-vola lity. For 2023 and 2022, things were 
dras cally be er than for 2019. However, it was deemed that significant reduc ons in 
component costs beyond those assumed here will be needed if such a system is to become 
feasible. If such prices ever manifest, the further compe veness of the system against Li-ion 
depends on a few addi onal factors. Mainly the lifespan and sustainability of the H₂ components, 
and what types of electricity price-vola lity the future holds. 

It has however been found out, that if this technology will ever be relevant, then the contribu on 
of heat recovery can boost its performance by a factor of about 1.25. (Standing for 20% of the 
performance). This is for a low, COP-based heat price that in reality is seen as likely to have DHN 
grid-tariffs on top. The 1.25 figure is thus considered a conserva ve lower es mate. 

The 1.25 factor also depends on the level of degrada on that is to be allowed. For reference, the 
fuel cell (which stands for majority of the HR-contribu on) had an 18% efficiency degrada on 
between the two system specifica ons that were inves gated. Considering the rela vely small 
reduc on in “money saved” (13% for 2022 and 19% for 2023, for COP-based pricing) between 
the op mis c and conserva ve system, it is found likely that such a degrada on level is 
reasonable. Possibly a small one. 

Exactly what HR-contribu ons one can expect, depends then on many things. But this thesis 
proposes that 20% HR-contribu on (or a 25% increase from adding HR) is a conserva ve 
measure, regarding the pessimis c purely COP-based heat price, and what is assumed 
reasonable or low levels of degrada on. The primary result of case 1, is: 

 

 

A 25% performance increase from the addi on of HR is considered a low-
end, conserva ve es mate for an H₂ energy storage system and CHP.  

 

If this type of energy storage becomes relevant, it will likely be decisive to 
implement it where HR can be u lized, even with low, COP-based heat costs. 
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5 Case 2 – Hydrogen Fuel Produc on With Heat Recovery 
Much like the case study 1, this chapter will be split into four categories 

- Introduc on, summarizing the case se ng. 
- Case setup, dimensioning the H₂ fuelling facility. 
- Op miza on model formula on. 
- Results and discussion. 

5.1 Introduc on 
The case will inves gate a fuelling sta on for express boats in Trondheim, Norway. The case will 
be set up, so that it will determine the value of heat recovery for such a facility. 

Much like case 1, this will be done for a system configura on (FC and ELY power, as well as storage 
capacity) that are purported to be “realis c”. However, in this case it will not be a rigidly defined 
“op mal configura on” found by the capacity alloca on algorithm. Reasons why is due to results 
presented in in sub-sub-sec on 5.4.1, of the results sub-sec on. 

The case will be run for the same three pricing years, and the two 2023 and 2030 states of 
technology. The energy flow chart of the H₂ system now looks like this: 

 

Figure 5-1: Case 2 Fuel Production Facility Energy-flow 

The DHN part, which (like case 1) is the part that the op miza on model is considering, is the 
“distribu on network” shown in Figure 5-2 below. The difference here is naturally that there is 
only one heat by product variable. 
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Figure 5-2: DHN of Case 2.Credit for “House icon” SVG-file: OpenClipart [13]. Rest drawn by author. 

5.2 Dimensioning the H₂ fuelling facility 
5.2.1 Energy demand, bunkering capacity and fuelling schedules  
In the 2017 SINTEF paper, a storage amount equalling that of 2 days was chosen. In the case of 
a produc on halt. This way, there is me to fix the halt, and/or to provide H₂ from other sources, 
if the produc on system has an unexpected down-period. 

In the SINTEF study, a consump on of 6000 kWh per trip is assumed [57]. This based on the 
energy consump on of a light-weight carbon fibre composite speedboat from 2014. Some 
improvements in boat efficiency may be envisioned, but in consulta on the district transport 
agency, a similar efficiency to the exis ng carbon fibre ship was assumed in the 2017 study. 

Further, a fuel cell efficiency of 15 kWh/kg H₂ was assumed. This corresponds to 45% efficiency 
for an LHV-based unit (opera ng above 100°C) or 38% efficiency for an HHV-based unit. This is 
on the lower end of efficiencies achieved/demonstrated for actual opera ons pre-2023 (40 – 
60%) [116]. 

An in-depth study of fuel cell degrada on together with fuel cell efficiency developments 
between 2017 and 2035, coupled with adjus ng any other relevant es ma ons from the SINTEF 
study, could be done to produce a more accurate and assured fuel storage requirement for 2035.  

However, detailed literature to back up a replacement for the 2035 equivalent to the 15kWh/kg 
figure, was not found at the me of wri ng. More-so, there are very many factors at play when 
it comes to es ma ng the actual fuel consump on and thus storage requirements in 2035. 

Doing this would be a large body of work in its own right, and the resources needed to do it 
accurately is deemed “not yet available”, as the development of various technologies that may 
affect it is hard to determine. 
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For this case study, a more superficial es ma on will be done. A reduc on factor based on the 
increase in efficiency of fuel cells will be applied. From 2021 to 2030 efficiencies are purported 
to go from 56% to 68% (LHV) (based on PEMFC specs cited in case 1). These are not the expected 
average efficiencies of the boats themselves, but this ra o will be used to account for the change 
in fuel cell efficiency for the boats in this case. 

This ra o would lead to a 18% decrease in fuel consump on. This is considered conserva ve, as 
it is based on efficiency-figures represen ng 9 years of development, while the actual mespan 
is assumed to be about 18 years. From the 2017 SINTEF study to ca. 2035. However, a 
conserva ve es mate seen as suitable, regarding poten al high fuel consump on in heavy 
seas/weather. As well as having a larger margin for fuel cell degrada on. The following figures 
were adjusted by 20% to es mate poten al 2035 values: 

Es ma on 2017 Value [57] Adjusted 2035 Value 
H₂ per trip (Trondheim – Kris ansund) 400 kg 320 kg 
H₂ per trip, with buffer 450kg 360 kg 

 
Table 5-1: Fuel consumption of H₂ express boats per trip – estimate 

This is however a very large energy requirements per fill-up. 14.18 MWh (HHV). As men oned, 
the chosen storage amount in the SINTEF study was equal to 2 days. This choice will be modified 
for this thesis. It is assumed that in 2035 and beyond, one can be more dependent on H₂ being 
produced elsewhere for backup, and that 24 hours is enough to provide this (transported from 
elsewhere). The facility is assumed to be built with dependability in mind. The input to the cost 
func ons will thus specify two electrolysis units each of half the total capacity. 

The fuelling schedules are assumed to be the same departure mes as today: 8:10, 12:15 and 
16:25. Three departures daily. The storage rule is defined as: At the start of any tanking, 
4*14.18MWh = 56.7 MWh should be stored in the tanks. 

Finding the theore cal minimum storage and electrolyser capaci es 
Because the model operates in 1-hour intervals, whereas the boats will fill up in 20 minutes, the 
theore cal minimum values for the tank size and electrolyser power will be established 
symbolically. This will “cut off” the model for the fringe cases where it returns a system 
configura on (system parameters) as feasible even though it shouldn’t be. This avoids rather 
unnecessarily running the model with 3 mes as many variables, improving solve- mes. 

The minimum storage was set to 56.7 MWh. It has to hold 3 fill ups at the end of the “current fill 
up”, was the rule. This would mean that the electrolyser would have to produce 14.18 MWh in 
less than 3 hours and 40 minutes between fillings. The electrolyser power would then be 3.87 
MW output. Which then has to be divided by its efficiency (HHV). This system would then be 
constrained to do most of its charging in between fuelling mes, as the tank volume wouldn’t 
allow for anything else. 

As for the minimal theore cal electrolyser power, it would be 1.80 MW (3*14.18 MWh/ 23.66h) 
divided by its electrochemical efficiency (HHV). The related storage capacity would however in 
that case have to be 94 MWh. This system would be constrained to charge con nuously. 

Neither of these minimum cases would have any freedom in the opera on pa erns of the 
system. No room to u lize price-vola lity. They will thus lead to much higher energy costs, and 
the system configura on that will be chosen is something in between these. Something that is 
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dimensioned larger than a minimal feasible set of capaci es, so that it may achieve a low OPEX 
through op mized charge-pa erns. 

5.2.2 Produc on and storage facility descrip on 
Storage 
The storage facili es will be located in each city (the route endpoints), to reduce tank weight and 
size on the ships themselves. In the SINTEF study, 4 alterna ve layouts were proposed, one of 
which resembles this. 

There, a low-pressure storage was considered. Twelve 45 bar tanks, 3m in diameter and 13m 
long were proposed. The area es ma on 40 by 25 meters, for everything including 12 of said 
large storage tanks, the electrolysers, and dispensers. This however being for a study that 
assumes about twice the storage capacity. This thesis assumes lower energy demand from the 
boats (20%) and also a less conserva ve safety margin for storage, due to the new 2035+ se ng. 

The volume requirement would s ll be massive. 56.7 MWh (HHV) equates to 1440kg of H₂. 
Which would be 5 of the described low-pressure tanks. The actual storage amount will however 
be decided based on the op miza on model and is (as men oned) likely larger. 

More compact storage would however allow for this amount to be stored in three 20  MEGHC 
container-units at 500 bar (as per the composite tank NPROXX solu on) [102]. Or, five 20  
containers of mul ple type I (all-metal) tanks at 300 bar (see cita on for images, if links are s ll 
up) [97]. 

EHC (electrochemical hydrogen compression) is s ll in a developing stage when it comes to size 
and scalability. Part of the reason that the scenario in the SINTEF study had very large low-
pressure tank, as well as a rela vely low 250 bar pressure for the boats themselves, is likely the 
overly expensive, large, and inefficient mechanical compressors that were available at the me 
of their study. There are also serious safety concerns regarding these mechanical compressors. 
It is assumed that for a 2035+ scenario, EHC compressors will be available (as done for case 1). 
A compression of 350 bar will be assumed for the storage solu on in this thesis. This way, the 
tanks can be shrouded in a dedicated building or underground concrete structure, avoiding  a 
large number of 13-meter-tall tanks by the port. 

On a proposed express boat solu on (from DNV GL’s green shipping program) for the Florø – 
Måløy route in western Norway, 250 bar tanks were proposed. This was also the basis in the 
SINTEF study. Calcula ons (as per the method described in sec on 3.4) show that pressures of 
250 bar, 350 bar and 500 bar have factors on the overall systems (electrochemical) efficiency of 
95.7%, 94.9% and 93.3% respec vely. (Assuming a low current EHC). A tank pressure of 350 bar 
is seen as a good middle ground. 

5.2.3 Compression and dispensers 
In order for the boat tanks to fill up fast, dispensers with compressors are needed. A high 
pressure in the storage tanks is posi ve in this regard. So is a high volume. The specifics of the 
dispensers will not be considered in detail in this thesis. It is assumed to not be of interest to use 
EHC with heat recovery for example when it comes to this. Rather, equalisa on of pressure from 
a MEHGC si ng somewhat above the pressure as the boat tanks could be employed. 

5.2.4 Choosing an electrolyser 
This scenario will require a large-scale electrolyser. SINTEF’s alterna ve B (the similar concept to 
this) proposed two 1MW units from of the NEL A-485 type. This is an AEL unit working on 
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atmospheric pressures. It’s cell stack efficiency corresponds to 73.5% (LHV-based). But this is the 
cell stack. Efficiency including BOP is not given. 

Alkaline units have been the standard for large MW-class units tradi onally. However, by the 
model by Reksten et. al. (described in sec on 2.5.3), PEMEL is predicted to cost less than AEL “in 
the range up to 10MW in 2030” [79, p. 38112]. 

However, a major considera on is the output temperature of the water to the DHN.  

The third gen. network in Trondheim, has tradi onally the following two opera ng temperatures. 
The distribu on networks operate at “up to 100°C” (being the maximum the pipes are 
dimensioned to handle). The transporta on networks (going from high heat centrals to the more 
local network loops) however are pressurised and have an output temperature from heat 
sources, as high as 115°C, with return temperatures of “no more than 65C. However, conferring 
with Statkra  (the local DHN provider) by e-mail, they said that they are now opera ng with “60 
out, 40 in” for their distribu on networks. This means that PEMEL and AEL are qualified in terms 
of output temperatures. 

PEMEL is the chosen technology for the electrolyser. Mostly based on Reksten et al.’s predic on 
that it will out-compete AEL in price. More so, it is much more suited to HR due to its much more 
compact cell stack (minimizing losses). The output temperature from PEMEL can (as cited to 
earlier) be up to 75°C. 

The facility then, has to be connected straight into a distribu on loop. It would have too low 
temperatures for the transport network. If the electrolysis was to be by the SOEL process, then 
using it for providing heat to the transport network (going out to other city districts) could be 
done. But this will not be considered here as SOEL is likely not compe ve with PEMEL for the 
fuelling sta on opera on. 

Calcula ons were done regarding the possibility of using a high temperature heat pump. 
However, this was found to negate about two thirds of HR profits, if heat is to have a COP-based 
pricing while electricity to run the heat pump has not. Implemen ng it was seen to reduce HR 
earnings by a factor of 0.29. 

Thus, it is se led on PEMEL and a 4th gen DHN (distribu on loop). 

5.2.5 Heat Uptake 
To be able to model the DHN efficiency well, the hea ng demand should be well known. 
However, there is no way to predict the hea ng demand of a future district. The only available 
data is that for the three Bra øra “plus-buildings” we currently have data for. 

What has been done in this case study, is to take the heat demand in the distribu on network 
from Renewables.ninja and se ng it to correspond to domes c hea ng for 5000 people. This is 
likely not en rely accurate for a 2035 scenario at Bra øra, which in me will get filled with both 
apartments and office buildings. But in lack of be er op ons, the heat demand is approximated 
by this renewables.ninja data. This data is also for a “Norway average”. Not for “by the ord in 
Trondheim” specifically. The main purpose of this data is however to limit the system in a realis c 
manner when it comes to the summer months for example. 

The figures below, show the district in ques on. Figure 5-3 shows it in its current state, and Figure 
5-4 shows poten al development plans. The three buildings circled in red have a 0.9GWh yearly 
consump on. The express boat terminal can be seen on the lower right-hand side. 
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Figure 5-3: The building group with the 0.9 GWh/year heat demand as of 2024. Express boat terminal seen to the 
lower right-hand side in the marina. Image Credit: Google Maps 

 

Figure 5-4: Current plus-houses with new suggested example developments surrounding it. Express boat terminal seen 
on lower right-hand side. Image Credit: Adressa [117] 

Norway’s largest indoor swimming pool with a yearly heat demand of 6 GWh is also located 
nearby. In addi on to this, the building mass in the area is set to increase by about an order of 
magnitude compared to the 0.9 GWh of demand from the three buildings encircled in red. 

Meanwhile, the heat by-product from electrolysis is es mated to be around 2 – 4 GWh yearly. It 
is thus seen as realis c that there is more than high enough uptake for heat even in the local 
distribu on network only. 

Demand data equalling 5000 domes c inhabitants might not be a very accurate representa on 
when it comes to hourly demand data for this district, but the data is however seen a good 
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approxima on when it comes to seasonal demand, which will be the main limita on for the 
system when the total uptake is assumed to be as large as described above. 

The system is in any way not thought to be limited due to daily varia ons outside this. Figure 5-5 
below shows the current speed boat terminal being connected to the distribu on network. 

 

Figure 5-5: Map of current DHN infrastructure around the speedboat terminal (in the middle of the marina). Image 
Credit: Statkraft [118]. 

In the conversa on with Statkra , they also men oned the development of a low temperature 
network at “Nyhavna”, a new city district development across the river from Bra øra. This DHN 
project will also include seasonal thermal storage. This is however located across the river. But 
establishing DHN pipes across bridges is something that is done several other places in the city. 
This could poten ally increase usefulness of the H₂ heat by-product, storing it from summer 
months un l autumn for example. Modelling this falls outside the scope here, as it was found 
out about towards the la er phase of the project. It is s ll men oned, as a poten al way to 
increase the value of HR from the H₂ sta on. It has to produce a heat by-product all summer long 
anyways. On that note, thermal storage at Bra øra as well could also be opportunis c if an H₂ 
produc on facility was to be created here. 

5.2.6 Establishing DHN scenario and efficiency for case 2 
This was established in the theory chapter regarding DHN efficiency. It is approximated using an 
es mate of the yearly average efficiency of the distribu on network. 

𝜂 = 0.90 

5.2.7 Final system and case setup descrip on 
For this case, the same PEMEL specifica ons as in case 1 will be used. Like for case 1, Joule-based 
and COP-based heat pricing will be inves gated, and a 2023 and 2030 state of tech will be 
inves gated. As done for case 1. 

The increase in heat recovery between the two states is a bit less than a doubling (see table 
below). A doubling, is what Jonsson and Miljanovic quotes for the HR for their electrolyser over 
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its life me [112]. If that is used for reference, averages of the following results could be seen as 
slightly conserva ve es mates of the average HR-contribu ons for the system. Although, any in 
depth degrada on analysis or predic ons will not be done here. 

System Specifica ons 2023 specifica on 2030 specifica ons 
Electrolyser efficiency pre-compression 0.697 (HHV) 0.77 (HHV) 
Electrolyser efficiency incl. compression 0.652 0.737 
Electrolyser heat recovery 0.22 0.13 
DHN efficiency 0.90 0.90 
HR efficiency post-DHN 0.198 0.117 

 
Table 5-2: System specifications for case 2 

The system capaci es will be dimensioned based on the conserva ve system specifica on, with 
some margin. The dimensioning of the system capaci es is seen as part of the results, as it is a 
result from the lin. prog. model. It is thus placed in the results sec on below. 

5.3 Op miza on model for case 2 
5.3.1 Nomenclature for case 2 op miza on model 
 

Variable En ty/Explana on/Comment Type 
𝑷𝒄𝒉𝒂𝒓𝒈𝒆 Charge power [kW] or [kWh/h] Variable 

𝑷𝒄𝒉𝒂𝒓𝒈𝒆.𝒕𝒐.𝑯𝑹 Por on of charge power going to HR Variable 
𝑷𝒄𝒉𝒂𝒓𝒈𝒆.𝒕𝒐.𝒄𝒖𝒓𝒕𝒂𝒊𝒍𝒎𝒆𝒏𝒕 Por on of charge power being curtailed (instead of 

going to HR) 
Variable 

𝑪𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒊𝒕𝒚 Electricity price [NOK] Data 
𝑪𝑫𝑯𝑵 Price for delivered DHN heat Data 
𝑳𝒉𝒆𝒂𝒕 Heat demand Data 
𝜼𝑫𝑯𝑵 Efficiency of the DHN network Constant 
𝜼𝒆𝒍𝒚 Electrochemical efficiency of the electrolyser Constant 

𝑺 Storage tank charge level [kWh] Variable 
𝑻 Tanking amount withdrawn from storage [kWh] Data 

𝑷𝒎𝒂𝒙 Electrolyser Maximum Power Constant 
 
Table 5-3: Case 2.1 Optimization Model Nomenclature 

5.3.2 Op miza on model formula on for case 2 
Objec ve Func on 
Minimize: 

 
𝑃 𝐶 − 𝜂 𝜂 𝑃 . . 𝐶  

(5-1) 

Subject to: 

Charge Level Balancing Constraint 

 𝑆 = 𝑆       ∀𝑖 = 1, … , 𝑛 (5-2) 

 𝑆 = 𝑆 − 𝜂 𝑃 − 𝑇       ∀𝑖 = 1, … , 𝑛 (5-3) 
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Minimum Storage Amount Constraint 

 𝑆 > 𝑆       ∀𝑖 = 1, … , 𝑛 (5-4) 

Charge Power Constraint 

 𝑃 ≤ 𝑃       ∀𝑖 = 1, … , 𝑛 
 

(5-5) 

Heat Demand Constraint 

 𝜂 𝜂 𝑃 . . ≤ 𝐿       ∀𝑖 = 1, … , 𝑛 
 

(5-6) 

Charge Sum Constraint 

 𝜂 𝑃 = 𝑃 . . + 𝑃 . .       ∀𝑖 = 1, … , 𝑛 (5-7) 

 

5.3.3 Explana on of constraints and objec ve func on 
Most of the above constraints are self-explanatory. A notable difference from the first case study, 
is that the heat demand constraint is now lower than or equal to, instead of higher than or equal 
to. The case 2 system is not responsible to provide heat (like the case 1 model), it is only going 
to sell heat in conjunc on with H₂ produc on, making sure it doesn’t overflow the DHN with 
heat. 

The Charge Sum Constraint automa cally makes sure that the produced heat corresponds with 
that which the electrolyser actually produces. 

As for the objec ve func on: This is to be the cost of energy used on fuel produc on. Which is 
set to the cost of electricity, minus the revenue from sold heat. This heat is, as before, reduced 
by the inverse of the COP, DHN efficiency. 

The python code for the model can be found in Appendix A. 

5.4 Case 2 Results 
5.4.1 The system capaci es and configura on 
The result sec on will start with establishing a realis c system configura on as this is also a 
“result” from the model. This me the star ng point is not to find the best system configura on 
for a set CAPEX, but to find the best system that can meet the fuel produc on requirements. 

This would be the system that had the total lowest cost over its life me. Or CAPEX + OPEX. 
Finding an exact answer to this is however complex, difficult, and unpredictable. It is a ques on 
regarding system degrada on, the different cycle lives of part, electricity pricing predic ons for 
decades ahead of me, and a economical inves ga on into the full H₂ charging sta on including 
civil works, power grid upgrades, maintenance and installa on. Not to men on the sustainability 
considera ons around saving money on energy-expenditure through installing an overly capable 
system that would in essence perform the same task anyhow. All in all, the task of solving this 
problem in-depth has a vast scope, that cannot be undertaken here. 

To start considering this, one can look at the energy expenditure and system cost plots, 
generated by running the model for 120 by 120 different configura ons. The plot was defined to 
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go up to 4x the minimum viable value for each system capacity. See Figure 5-6 and Figure 5-7 
below. 

Looking at Figure 5-6 and Figure 5-7 below we can see that the op mal choice from each point 
of view, is in opposite ends of the plot. So, it depends then, how heavily each is weighted. This is 
again a ques on regarding the vast scope that would be solving this problem in depth. 

A simplifica on has to be made. The total system cost + energy-costs for 20 years (of 2023 
pricing) for the conserva ve system will be used as a simplified benchmark. 

Since the CAPEX here represent only the electrolysers, EHC and tanks, and the total cost of the 
facility will likely be a lot higher, it is found reasonable to choose system capaci es farther 
towards the lower le -hand corner than the red dot. The total cost there is not much lower than 
the op mal one, and accoun ng for the considera ons men oned above, a smaller system 
would undoubtedly be considered the be er one. Sustainability (needing to purchase and 
replace less components in the long run), as well as avoiding using excessive space for an H₂ 
fuelling sta on in one of the city’s most developing areas, are seen as unambiguous reasons for 
keeping the system configura on near the minimum. However, not at the minimum.  

 

Figure 5-6: Component CAPEX 
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Figure 5-7: Energy costs per year with 2023 pricing 
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The chosen capaci es superimposed over the energy expenditure plot is shown in Figure 5-8 
below. The white values are those for which the system is non-feasible: Where it fulfil express 
boat fuelling schedules. The plot below is for the conserva ve system in 2023. The values are 
chosen with some margin into the feasible area to avoid the highest energy-costs. And to allow 
for the system to func on somewhat as a “vector for supply-demand opera ons”. I.e., to allow 
it to have some freedom in when to charge. As well as to allow for some addi onal margin 
regarding degrada on. 

  

Figure 5-8: Chosen Capacities for H₂ Fuel Production Facility. (Over 2023 energy cost with COP-based heat prices) 

The system specifica ons is as follows: 

System electrolyser power System storage capacity 
4.0 MW 78 MWh (Net 26 MWh)1 HHV 

 
Table 5-4: System specifications for the H₂ production and fuelling station 

156.7 MWh buffer (in case of produc on halts), and 21.3 MWh net charge for day-to-day fuelling. 

This would for example amount to four NEL MC250s, or two NEL MC500. The la er totalling a 
size of four 12.2 m containers. The tank capacity could roughly be housed by two 12.2m 
containers, plus one 6.1m container. (Assuming the same storage volume as NPROXX’s solu on, 
but scaling it down from 500 bar to 350 bar[102]. *Or this would be 75 MWh HHV to be exact, 
but accurate enough to demonstrate the rough size of the components). 

5.4.2 Results with Joule-based heat pricing 
HR savings for the system config, with Joule-based heat prices was as follows: 
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Rela ve HR savings, with Joule-based heat prices: 
System configura on → 
Pricing year ↓ 

Conserva ve 
(2023 efficiency figures) 

Op mis c 
(2030 efficiency figures) 

2019 % cost reduc on from HR 17.7% 10.9% 
2022 % cost reduc on from HR 19.0 % 11.5% 
2023 % cost reduc on from HR 18.4 % 11.2% 

 
Table 5-5: HR Savings in the H₂ Fuelling Station Energy Costs 

Net savings with Joule-based heat prices: 
System configura on → 
Pricing year ↓ 

Conserva ve 
(2023 efficiency figures) 

Op mis c 
(2030 efficiency figures) 

2019 net cost reduc on from HR 1.5 M NOK 0.83 M NOK 
2022 net cost reduc on from HR 1.6 M NOK 0.82 M NOK 
2023 net cost reduc on from HR 1.7 M NOK 0.87 M NOK 

 
Table 5-6: Net HR Savings for the H₂ Fuelling Station 

Where M NOK is “million Norwegian kroner”. 

Heat by-product from into DHN from system (with opera on for Joule-based heat prices): 
System configura on → 
Pricing year ↓ 

Conserva ve 
(2023 efficiency figures) 

Op mis c 
(2030 efficiency figures) 

2019 HR output 4.6 GWh 2.5 GWh 
2022 HR output 4.4 GWh 2.5 GWh 
2023 HR output 4.2 GWh 2.3 GWh 

 
Table 5-7: The HR contribution into the DHN 

Total energy costs for H₂ produc on with HR-savings, with Joule-based heat prices: 
System configura on → 
Pricing year ↓ 

Conserva ve 
(2023 efficiency figures) 

Op mis c 
(2030 efficiency figures) 

2019 total energy cost (with HR) 7.2 M NOK 6.8 M NOK 
2022 total energy cost (with HR) 6.7 M NOK 6.3 M NOK 
2023 total energy cost (with HR) 7.3 M NOK 6.9 M NOK 

 
Table 5-8: The HR contribution into the DHN 

5.4.3 Results discussion/summary for Joule-based pricing 
With joule-based pricing, where the cost of heat is calculated by the electricity-price at the me 
of export, the savings are fairly low rela ve to the total energy costs. Intui vely, they align quite 
accurately with the HR percentages of the system input at 19.8% and 11.7% respec vely. A 
reason model results are lower than this, can come from the lack of HR-earnings when there is 
no heat demand. However, this has a small effect due to low electricity-prices in those months. 
This is especially the case for 2022, which also is the scenario for which it gets closest to the HR 
energy-efficiency. 

In this way, the result is quite benign from the model here. This was quite different in an earlier 
version of the model where the heat price was fixed for one month at a me, according to the 
average electricity price. Then, the system could make money by selling heat at a fixed price 
when the electricity-price was near zero or nega ve. In that approach, the HR-contribu on 
changed much more with system configura ons as well. While this heat pricing actually is more 
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similar to the one implemented in Trondheim today, it was found “unlikely” that the system 
would be allowed to operate like this in 2035. This approach was thus discarded. 

A note about regarding the HR output results, is that the HR output is correlated to the H₂ 
demand of the express boats. Depending on how the degrada on of boat fuel cells aligns with 
the electrolyser degrada on, this might skew the heat total heat output. But since the calculated 
fuel demand is thought to be representa ve of the average one, the above HR outputs is thought 
to be representa ve of typical actual ones too. 

While the savings seem rela vely small, they will add up to a sizeable figure of M NOK over the 
life me of the system. 

A bit less benign than the HR-percentages above being close to energy efficiencies, is the results 
when taking varying COP-figures into account. As the heat price being a weighted average of the 
product of 𝐶 , 𝑃  and (𝐶𝑂𝑃)  over every hour of the year, it is not as easy to predict. It is 
however expected that savings will go down by a large degree. 

5.4.4 Results with COP-based heat pricing 
Rela ve HR savings, with COP-based heat prices: 

System configura on → 
Pricing year ↓ 

Conserva ve 
(2023 efficiency figures) 

Op mis c 
(2030 efficiency figures) 

2019 % cost reduc on from HR 6.2% 3.8% 
2022 % cost reduc on from HR 6.9% 4.2% 
2023 % cost reduc on from HR 6.8% 4.1% 

 
Table 5-9: HR savings in the H₂ fuelling station energy costs 

Net savings from HR with COP-based heat prices: 
System configura on → 
Pricing year ↓ 

Conserva ve 
(2023 efficiency figures) 

Op mis c 
(2030 efficiency figures) 

2019 net cost reduc on from HR 0.544 M NOK 0.293 M NOK 
2022 net cost reduc on from HR 0.568 M NOK 0.296 M NOK 
2023 net cost reduc on from HR 0.609 M NOK 0.319 M NOK 

 
Table 5-10: Net HR savings for the H₂ fuelling station 

Heat by-product from into DHN from system (with opera on for COP-based heat prices): 
System configura on → 
Pricing year ↓ 

Conserva ve 
(2023 efficiency figures) 

Op mis c 
(2030 efficiency figures) 

2019 HR output 4.4 GWh 2.5 GWh 
2022 HR output 4.4 GWh 2.5 GWh 
2023 HR output 4.1 GWh 2.3 GWh 

 
Table 5-11: The HR contribution into the DHN 

Total energy costs for H₂ produc on with HR-savings, with COP-based heat prices: 
System configura on → 
Pricing year ↓ 

Conserva ve 
(2023 efficiency figures) 

Op mis c 
(2030 efficiency figures) 

2019 total energy cost 8.2 M NOK 7.4 M NOK 
2022 total energy cost 7.7 M NOK 6.8 M NOK 
2023 total energy cost 8.4 M NOK 6.8 M NOK 

 
Table 5-12: The HR contribution into the DHN 
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5.4.5 Results discussion for COP-based hea ng price 
An interes ng observa on is that the value of HR has gone down by a factor of around 2.75 
compared to Joule-based heat pricing, for both the conserva ve and op mis c systems. The 
average COP over the year is however 3.10-3.15. This is due to the established calcula on of heat 
price assumed here being more “fair” than using the average COP. It be er represents the actual 
cost of “hea ng by heat pump”, which is higher than simply the average COP. 

Savings are however quite low, especially for the op mis c system. If the system was assumed 
to degrade linearly between the two states above before having their electrolytes/PEMs 
replaced, then the HR savings from in for example 20 years, would be around 9 M NOK. Whether 
HR is worth it economically, then depends on whether the addi on of HR to the electrolyser and 
the associated cost increase, would be earned back by adding HR, over the life me of the system. 

The full electrolyser unit itself (without installa on) including EHC but not a DHN-adapted HR 
system, is predicted to cost 29.5 M NOK. Upgrading it to have HR, must then incur a smaller 
price-premium than 9M on top of that for the COP-based heat price scenario. 

This seems likely to be achievable, considering the electrolyser in any way need a high-
performance cooling system. Implemen ng HR should in any way be a very small frac on of the 
cost of the full electrolysis system. However, it would depend, for example on whether DHN 
applicable cooling systems will be mainstream enough for electrolyser producers to offer them, 
or if it will have to be custom built. 

What was found here, was that those savings can lie between 4% and 7% of the total energy 
costs. They were reduced by a factor of 2.75 by the introduc on of COP-based pricing for an 
average COP or 3.10-3.15.  

5.5 Case 2 Results – Overall Discussion 
The savings are diminished to almost 1/3rd with COP-based pricing compared to the policy 
enacted today (Joule-based). From roughly 25 M NOK to roughly 9 M NOK over 20 years for 
example. 

The ques on whether implemen ng HR is worth it is complex. The cost of implemen ng HR to 
the produc on facility must be taken into account.  

It is seen as overwhelmingly likely that HR would warrant its own implementa on with Joule-
based heat pricing. However, COP-based heat pricing is seen as the more likely pricing-scenario 
in the future and is what will be discussed from here on. 

What one here can consider, is the cost of installing the same genera on capacity in heat pumps. 
The tariffs on DHN energy, should ideally mirror this cost, and increase the actual earnings one 
would get through HR. The yearly energy export from the system was around 2.4 GWh for the 
op mis c spec. and 4.3 GWh for the conserva ve one. About 3.4 GWh yearly on average. The 
long-term cost of installing this yearly capacity in heat pumps should be reflected by the grid-
tariffs on DHN hea ng. 

However, a simplified es mate of this shows that it would be very low. 3.4 GWh yearly equates 
to a constant power of 388 kW. If coun ng 2kW per heat pump, cos ng a typical 20k NOK over 
a 20-year lifespan, this would amount to a 200k NOK grid tariff for the system over a year, or 3.9 
M NOK over 20 years. Although this was a very simplified es mate, it indicates that such a tariff 
would go a long way towards making up for the implementa on cost of the heat recovery. 
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It is found likely that installing HR is more than economically warranted, 
even with COP-based heat pricing. However, the poten al u lizing HR is not 

a decisive factor for establishing an H₂ produc on facility. 

Furthermore, one can consider the societal implica ons of was ng this much energy as well. 3.4 
GWh yearly equals the yearly heat demand of roughly 490 people in Norway (based on sta s cs 
found in cita ons) [119], [120]. 

When it comes to the ques on whether HR can make a difference for the H₂ proposi on for the 
next express boat contract, the answer is: Probably not. The savings from HR are seem too 
insignificant compared to the cost of the fuelling sta on to make a significant economic 
difference. (Plot of component CAPEX was found in Figure 5-6.) 

6 Thesis Overarching Discussion and Conclusion 
The two cases has examined two fundamentally different cases. Surprisingly though, the pricing 
varia ons in the countries was not as different as was expected. Mainly due to Norway having 
its electricity market much more connected to the European one in terms of electricity-pricing 
for the last few years. But the different nature of the case studies lead to different conclusions 
on the value of HR for each. 

6.1 The implica ons of the value of HR towards the feasibility of HESS (H₂ Energy 
Storage Systems) 

The first case study found that an H₂ energy storage system (HESS) and CHP needs extreme 
pricing ra os to close in on being feasible, especially if low COP-based heat pricing becomes the 
case. As men oned in the abstract, higher end of heat pricing policy (Joule-based) was included 
mostly to give an image of how well the HR could do in a best-case scenario, and as a reference 
for how much COP-based pricing would cut the contribu on of HR. But Joule-based heat pricing 
is not seen as a likely scenario into a zero-carbon future. Neither was en rely COP-based pricing, 
as “DHN grid-tariffs” meant to mirror the average cost of a heat pump over its life me was seen 
as likely to be added on top of this. 

It was found that the system in the energy storage and CHP case was unfeasible in a 2030 
scenario due to too expensive components compared to their performance. It was for extreme 
(2022) pricing fluctua ons that it was closest, however. The situa on could be be ered, 
depending on the significance the proposed DHN grid-tariff on top of COP-heat pricing would 
have, but mostly, extreme reduc ons in component costs are needed. In the case that it at some 
point comes close to being economically feasible, it was seen that HR contribu on likely can be 
decisive, with its +25% performance increase. This being a lower end es mate. 

It is therefore concluded that HR can poten ally play a significant role in deciding whether this 
kind of system can become feasible. Whether it will be feasible though, is a ques on that likely 
will be answered far into the future depending on market trends as well as findings of further 
research regarding cycle life of components and sustainability considera ons. 

6.2 The feasibility of HR-implementa on on H₂ fuel produc on 
For the hydrogen storage on the other hand, the value of HR was not of great importance for the 
feasibility of the system itself. The hydrogen produc on being a constant necessity for a poten al 
express boat, and the HR contribu on quite small. It was however found that the HR 
implementa on was likely to be warrant its own existence. Exact calcula ons on whether it 
would pay for itself was not performed, but results are seen as indica ng, that it could likely do 
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so with a comfortable margin. While, also saving considerable energy amounts that otherwise 
would have to be generated in some other ways. For example, by expensive water-source heat 
pumps or electric resis ve boilers into the DHN network. 

6.3 Conclusion: The importance of HR 
Even though HR naturally loses value if assuming COP-based heat pricing, it was found that for 
both systems, it is likely warranted to a empt implemen ng it. Although, in different senses. 

The exact implica ons HR will have for the feasibility of using H₂ for either case, depends on a 
mul tude of yet unknown factors described in “further studies”. This thesis will conclude 
differently for the impact of HR for either of the cases. 

The conclusion for case 1: H₂ Energy Storage and CHP: 

Although the value of heat recovery may be heavily reduced by COP-based 
heat prices, HR s ll remains a relevant and poten ally decisive measure 

regarding H₂ compe veness in this space. 

And, for case 2: H₂ Fuel Produc on: 

If COP-based heat prices are implemented, savings through HR will likely not 
be a decisive economical factor in this space. But it will likely more than 

jus fy its own existence as a worthwhile u liza on of a by-product. 
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7 Further Work 
7.1 H₂ energy storage and CHP 
As men oned throughout about, pure opera onal performance is not alone an indicator of the 
“best” system for energy storage. This depends on a large and complex picture. The body of work 
to establish this, may however be relevant on certain condi ons. It seems that only extreme and 
seasonal pricing varia ons, where H₂ tech. can take advantage of its cheap long-term storage, 
could make it sensible to take up research in this space. In that case however, sustainability 
analysis of components, together with lifespan analysis of both H₂ and ba ery systems would be 
in order. This would require a more advanced and many-faceted model than the one in this 
thesis. 

For example, one could imagine an electrolyser PEM (proton exchange membrane) las ng for 12 
years, and it being switched out thrice before the en re unit has to be switched. On top of this, 
tanks would be switched out every X years, and the PEM components of fuel cells every Y years. 
Meanwhile, one may change out the en re Li-ion system three or four mes depending on the 
intensity of the opera on. 

These are things that are up to further work to find and compare. Can lower sustainability 
impacts of H₂ components cancel out the higher performance of Li-ion at some point in the 
future? Considering that PEM components are expensive and require rare minerals, this might 
very well not be the case. However, this is a complex and many-faceted ques on, where the 
answer is unclear, especially regarding the sustainability part. 

Furthermore, establishing a more realis c version of the results in this study regarding H₂ 
performance with HR, will become possible once the actually to-be-implemented heat pricing 
policies reveal themselves. This could improve things quite a bit for the H₂ system, although, the 
results given here for Joule-based pricing is “beyond” an upper roof when it comes to this. 

Further work could also involve developing pricing policies that are fair, based on “heat pumps 
equivalent heat costs”, and researching how these would interplay with heat recovery of 
different kinds. Regarding this, more accurate temporal modelling of the DHN-related energy 
streams may also be relevant. 

7.2 Heat recovery for H₂ produc on and H₂ express boats 
Regarding H₂ produc on, es ma ng the life me of components is very relevant, as it would 
establish the true long-term of cost of H₂ fuelling. While energy costs were found to be 
surprisingly low for the H₂ boats, the high cost of the H₂ produc on hardware cancelled this out. 

In case 2 it was found that energy costs was actually much lower than for the previous Diesel 
boats. About 7- 8 M NOK per year for H₂ produc on, compared to about 21 M NOK Diesel was 
calculated (not shown in the thesis, but done on the side based on data from the SINTEF study). 
This was however for the previous Diesel boats. Not the newer Diesel-Ba ery hybrids. However, 
as men oned, heavier express boats use considerably more energy due to poorer hydrodynamic 
efficiency. Which will at least to some degree make up for H₂ inefficiency in the propulsion system 
itself. 

What truly will be the best op on for the express boats themselves is also considered further 
research. Although ba eries seem to be the preferred solu on for now, it is not a ques on with 
an obvious answer into the future. This is again a complex ques on including many-faceted 
technological and economic analysis. One would also have to take into account, that since 
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ba eries are in any case not feasible for larger forms of shipping, H₂ produc on facili es will in 
any case have to be built. Whether they should be built in loca ons where HR is possible depends 
on many factors, although this thesis indicates that the economic incen ve to do so is rather 
small and not a decisive one. But when it makes sense to build them in such loca ons, it does 
make sense to implement HR. 

Here, further relevant work would again be to establish an actual (fair) pricing model for sold 
heat. How to calculate it, and what is reasonable to actually implement. If the DHN-tariffs that 
are supposed to mirror long term heat pump costs are sizeable enough, then maybe adding HR 
becomes a sizeable economic factor in this space a er all. 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

List of References 
[1] S. Evans, ‘In-depth: Is Shell’s new climate scenario as “radical” as it says?’, Carbon Brief. 

Accessed: Jan. 07, 2024. [Online]. Available: h ps://www.carbonbrief.org/in-depth-is-shells-
new-climate-scenario-as-radical-as-it-says/ 

[2] ‘Energy storage’, IEA. Accessed: Jan. 07, 2024. [Online]. Available: h ps://www.iea.org/energy-
system/electricity/grid-scale-storage 

[3] ‘Lithium-ion ba eries need to be greener and more ethical’, Nature, vol. 595, no. 7865, pp. 7–7, 
Jun. 2021, doi: 10.1038/d41586-021-01735-z. 

[4] ‘The Environmental Impact of Lithium-ion Ba eries – How Green Are They Really?’, Data Center 
Knowledge | News and analysis for the data center industry. Accessed: Jan. 07, 2024. [Online]. 
Available: h ps://www.datacenterknowledge.com/hardware/environmental-impact-lithium-
ion-ba eries-how-green-are-they-really 

[5] IER, ‘Environmental Impacts of Lithium-Ion Ba eries’, IER. Accessed: Jan. 07, 2024. [Online]. 
Available: h ps://www.ins tuteforenergyresearch.org/renewable/environmental-impacts-of-
lithium-ion-ba eries/ 

[6] E. Sánchez-Díez et al., ‘Redox flow ba eries: Status and perspec ve towards sustainable 
sta onary energy storage’, Journal of Power Sources, vol. 481, p. 228804, Jan. 2021, doi: 
10.1016/j.jpowsour.2020.228804. 

[7] ‘Datasheet-BMS-12-200-EN.pdf’. Accessed: Jan. 07, 2024. [Online]. Available: 
h ps://www.victronenergy.com/upload/documents/Datasheet-BMS-12-200-EN.pdf 

[8] ‘Powerwall 2 AC Installa on Manual’. 
[9] P. Rao and S. Jayan , ‘Physics-Based Electrochemical Model of Vanadium Redox Flow Ba ery for 

Low-Temperature Applica ons’, Ba eries, vol. 9, no. 7, Art. no. 7, Jul. 2023, doi: 
10.3390/ba eries9070374. 

[10] D. Burrin, S. Roy, A. P. Roskilly, and A. Smallbone, ‘A combined heat and green hydrogen (CHH) 
generator integrated with a heat network’, Energy Conversion and Management, vol. 246, p. 
114686, Oct. 2021, doi: 10.1016/j.enconman.2021.114686. 

[11] ‘Panasonic Launches 5 kW Type Pure Hydrogen Fuel Cell Generator | Business Solu ons | 
Products & Solu ons | Press Release’, Panasonic Newsroom Global. Accessed: Nov. 22, 2023. 
[Online]. Available: h ps://news.panasonic.com/global/press/en211001-4 

[12] ‘UK Energy in Brief 2022’. 
[13] ‘House icon vector clip art | Free SVG’. Accessed: Feb. 06, 2024. [Online]. Available: 

h ps://freesvg.org/house-icon-vector-clip-art 
[14] ‘Electric vehicles’, IEA. Accessed: Feb. 05, 2024. [Online]. Available: h ps://www.iea.org/energy-

system/transport/electric-vehicles 
[15] ‘Avia on and shipping – Analysis’, IEA. Accessed: Feb. 05, 2024. [Online]. Available: 

h ps://www.iea.org/reports/avia on-and-shipping 
[16] ‘Unlocking hydrogen’s power for long-haul freight transport | McKinsey’. Accessed: Jan. 08, 

2024. [Online]. Available: h ps://www.mckinsey.com/capabili es/opera ons/our-
insights/global-infrastructure-ini a ve/voices/unlocking-hydrogens-power-for-long-haul-
freight-transport 

[17] ‘Decarbonizing aerospace’, Deloi e Insights. Accessed: Jan. 08, 2024. [Online]. Available: 
h ps://www2.deloi e.com/us/en/insights/industry/aerospace-defense/decarbonizing-
aerospace.html 

[18] Why Hydrogen-Powered Planes Will Beat Electric Planes, (May 09, 2023). Accessed: Sep. 13, 
2023. [Online Video]. Available: h ps://www.youtube.com/watch?v=IMb5Frr-520 

[19] ‘Road transport – Analysis’, IEA. Accessed: Feb. 05, 2024. [Online]. Available: 
h ps://www.iea.org/reports/road-transport 

[20] ‘AERO - the future of fast ferries’, Brodrene Aa. Accessed: Dec. 06, 2023. [Online]. Available: 
h ps://www.braa.no/news/aero-design-revealed 



2 
 

[21] ‘Elektrisitet’, SSB. Accessed: Jan. 10, 2024. [Online]. Available: h ps://www.ssb.no/energi-og-
industri/energi/sta s kk/elektrisitet 

[22] ‘Energibruk i husholdningene’, SSB. Accessed: Feb. 19, 2024. [Online]. Available: 
h ps://www.ssb.no/energi-og-industri/energi/sta s kk/energibruk-i-husholdningene 

[23] ‘va-rapport_2022-37_varme_ l_rik g_pris-utkast_ l_nve.pdf’. Accessed: Feb. 09, 2024. 
[Online]. Available: h ps://www.nve.no/media/14743/va-rapport_2022-
37_varme_ l_rik g_pris-utkast_ l_nve.pdf 

[24] M. Topalov, ‘Energy price vola lity to last un l 2030 at least, warns Cornwall Insight’, Current 
News. Accessed: Dec. 14, 2023. [Online]. Available: h ps://www.current-news.co.uk/energy-
price-vola lity-to-last- ll-2030-at-least-warns-cornwall-insight/ 

[25] ‘GPS-Sustainability.pdf’. Accessed: Jan. 09, 2024. [Online]. Available: 
h ps://assets.publishing.service.gov.uk/media/636e382fd3bf7f4a502a4f94/GPS-
Sustainability.pdf 

[26] ‘PM recommits UK to Net Zero by 2050 and pledges a “fairer” path to achieving target to ease 
the financial burden on Bri sh families’, GOV.UK. Accessed: Jan. 09, 2024. [Online]. Available: 
h ps://www.gov.uk/government/news/pm-recommits-uk-to-net-zero-by-2050-and-pledges-a-
fairer-path-to-achieving-target-to-ease-the-financial-burden-on-bri sh-families 

[27] E. Haves, ‘Nuclear power in the UK’, Dec. 2021, Accessed: Jan. 07, 2024. [Online]. Available: 
h ps://lordslibrary.parliament.uk/nuclear-power-in-the-uk/ 

[28] ‘See hourly day-ahead prices.’ Accessed: Jan. 26, 2024. [Online]. Available: 
h ps://www.nordpoolgroup.com/en/Market-data1/Dayahead/Area-Prices/ALL1/Hourly/ 

[29] ‘ENTSO-E Transparency Pla orm’. Accessed: Dec. 20, 2023. [Online]. Available: 
h ps://transparency.entsoe.eu/dashboard/show?loggedUserIsPrivileged=true 

[30] ‘Varmepumper reduserer utgi ene l strømavhengige nordmenn’, SSB. Accessed: Feb. 08, 
2024. [Online]. Available: h ps://www.ssb.no/energi-og-industri/energi/ar kler/varmepumper-
reduserer-utgi ene- l-stromavhengige-nordmenn 

[31] ‘Hvor mye kra  kan vi få ved oppgradering og utvidelse av kra verkene? - NVE’. Accessed: Feb. 
19, 2024. [Online]. Available: h ps://www.nve.no/ny -fra-nve/nyheter-energi/hvor-mye-kra -
kan-vi-fa-ved-oppgradering-og-utvidelse-av-kra verkene/ 

[32] H. H. Bjørnøy Morten Solli, Jakob, ‘Voldsom motstand mot vindkra : Kun 2 av 79 kommuner 
sier ja’, Ne avisen. Accessed: Feb. 19, 2024. [Online]. Available: h ps://www.ne avisen.no/5-
95-903148 

[33] ‘The power market’, Energifakta Norge. Accessed: Feb. 19, 2024. [Online]. Available: 
h ps://energifaktanorge.no/en/norsk-energiforsyning/kra markedet/ 

[34] ‘Ba ery price per kwh 2023’, Sta sta. Accessed: Jan. 09, 2024. [Online]. Available: 
h ps://www.sta sta.com/sta s cs/883118/global-lithium-ion-ba ery-pack-costs/ 

[35] N. Kim et al., ‘Comparison of Li-ion ba ery chemistries under grid duty cycles’, Journal of Power 
Sources, vol. 546, p. 231949, Oct. 2022, doi: 10.1016/j.jpowsour.2022.231949. 

[36] A. Colthorpe, ‘LFP cell average falls below US$100/kWh as ba ery pack prices drop to record 
low in 2023’, Energy-Storage.News. Accessed: Jan. 09, 2024. [Online]. Available: 
h ps://www.energy-storage.news/lfp-cell-average-falls-below-us100-kwh-as-ba ery-pack-
prices-drop-to-record-low-in-2023/ 

[37] Y. Ding, Z. P. Cano, A. Yu, J. Lu, and Z. Chen, ‘Automo ve Li-Ion Ba eries: Current Status and 
Future Perspec ves’, Electrochem. Energ. Rev., vol. 2, no. 1, pp. 1–28, Mar. 2019, doi: 
10.1007/s41918-018-0022-z. 

[38] ‘Powerwall’, Tesla. Accessed: Feb. 19, 2024. [Online]. Available: 
h ps://www.tesla.com/powerwall 

[39] ‘Installa on Process | Tesla Support Thailand’, Tesla. Accessed: Feb. 19, 2024. [Online]. 
Available: h ps://www.tesla.com/en_th/support/energy/powerwall/install/installa on-process 

[40] ‘Order Megapack’, Tesla. Accessed: Feb. 19, 2024. [Online]. Available: 
h ps://www.tesla.com/megapack/design 



3 
 

[41] ‘Megapack’, Tesla. Accessed: Sep. 24, 2023. [Online]. Available: 
h ps://www.tesla.com/megapack 

[42] ‘Tesla Releases Megapack XL Using LFP Ba eries, with 50% More Power’, TESMANIAN. 
Accessed: Jan. 13, 2024. [Online]. Available: h ps://www.tesmanian.com/blogs/tesmanian-
blog/tesla-has-released-a-new-megapack-xl-with-lfp-ba eries-50-more-powerful-than-the-
previous-one 

[43] S. Hanley, ‘Tesla Transi ons To LFP Ba ery Cells For Megapack Installa ons’, CleanTechnica. 
Accessed: Feb. 19, 2024. [Online]. Available: h ps://cleantechnica.com/2021/05/11/tesla-
transi ons-to-lfp-ba ery-cells-for-megapack-installa ons/ 

[44] D. T. Schmaltz, ‘Solid-State Ba ery Roadmap 2035+’. 
[45] G. Okstad, ‘Som passasjer på hur gbåt slipper du ut fire ganger mer CO2 enn i fly’, adressa.no. 

Accessed: Dec. 04, 2023. [Online]. Available: h ps://www.adressa.no/okonomi/i/V9q0bd/som-
passasjer-pa-hur gbat-slipper-du-ut-fire-ganger-mer-co2-enn-i-fly 

[46] ‘Vegen mot klimavennlig transport’, Transportøkonomisk ins tu . Accessed: Jan. 11, 2024. 
[Online]. Available: h ps://www.toi.no/publikasjoner/vegen-mot-klimavennlig-transport-
ar cle32519-8.html 

[47] T. Stensvold, ‘Karbonbåter ku er 40 prosent av utslippene’, Tu.no. Accessed: Jan. 11, 2024. 
[Online]. Available: h ps://www.tu.no/ar kler/karbonbater-ku er-40-prosent-av-
utslippene/232404 

[48] A. Opheim, ‘Ny hur gbåt bruker 40 prosent mindre drivstoff’, adressa.no. Accessed: Jan. 11, 
2024. [Online]. Available: h ps://www.adressa.no/nyheter/trondelag/i/dmEdoX/ny-hur gbat-
bruker-40-prosent-mindre-drivstoff 

[49] ‘Terningen’, Brodrene Aa. Accessed: Dec. 06, 2023. [Online]. Available: 
h ps://www.braa.no/fast-ferries/ms-terningen 

[50] ‘Mer utslipp for hver kilometer reist’, SSB. Accessed: Jan. 11, 2024. [Online]. Available: 
h ps://www.ssb.no/natur-og-miljo/forurensning-og-klima/ar kler/mer-utslipp-for-hver-
kilometer-reist 

[51] ‘Utrulling av elbiler’. Accessed: Jan. 11, 2024. [Online]. Available: 
h ps://energiogklima.no/klimavakten/utrulling-av-elbiler 

[52] S. Hanley, ‘Oslo To Replace Almost All Diesel Buses With Electric Buses By Year’s End’, 
CleanTechnica. Accessed: Jan. 11, 2024. [Online]. Available: 
h ps://cleantechnica.com/2023/09/27/oslo-to-replace-almost-all-diesel-buses-with-electric-
buses-by-years-end/ 

[53] T. Stensvold, ‘Bygger hur gbåter med ba eriby e l Trondheim’, Tu.no. Accessed: Jan. 11, 2024. 
[Online]. Available: h ps://www.tu.no/ar kler/bygger-hur gbater-med-ba eriby e- l-
trondheim/523138 

[54] A. M. Jilani, ‘Consequence Analysis of Hydrogen Explosion during Transporta on’, Master thesis, 
NTNU, 2021. Accessed: Jan. 11, 2024. [Online]. Available: h ps://ntnuopen.ntnu.no/ntnu-
xmlui/handle/11250/2799899 

[55] H. E. Myrstad, ‘Igni on probability of hydrogen facili es’, Master thesis, NTNU, 2023. Accessed: 
Jan. 11, 2024. [Online]. Available: h ps://ntnuopen.ntnu.no/ntnu-
xmlui/handle/11250/3094260 

[56] A. Aira-Andersen, ‘Reliability-Centred Maintenance of Hydrogen-Fueled Coastal Fishing Vessel’, 
Master thesis, NTNU, 2023. Accessed: Jan. 11, 2024. [Online]. Available: 
h ps://ntnuopen.ntnu.no/ntnu-xmlui/handle/11250/3090880 

[57] ‘20180102-forsyning-kainanlegg-sikkerhet-hydrogenhur gbat-trondelag-v1.1.pdf’. Accessed: 
Dec. 06, 2023. [Online]. Available: 
h ps://www.sintef.no/contentassets/7a7bf0e26fd44cb 973dd47736b056a/20180102-
forsyning-kainanlegg-sikkerhet-hydrogenhur gbat-trondelag-v1.1.pdf 

[58] K. Nydal, ‘Legitmitet og hydrogen’, Master thesis, NTNU, 2023. Accessed: Jan. 11, 2024. 
[Online]. Available: h ps://ntnuopen.ntnu.no/ntnu-xmlui/handle/11250/3081703 



4 
 

[59] R. Hughes and C. Vagg, ‘Assessing the Feasibility of a Cold Start Procedure for Solid State 
Ba eries in Automo ve Applica ons’, Ba eries, vol. 8, no. 2, Art. no. 2, Feb. 2022, doi: 
10.3390/ba eries8020013. 

[60] ‘3232231_Marine_spec_12V16V2000M72_1B.pdf’. Accessed: Jan. 11, 2024. [Online]. Available: 
h ps://www.mtu-solu ons.com/content/dam/mtu/products/defense/marine-and-offshore-
service-and-supply/main-propulsion/mtu-series-
2000/3232231_Marine_spec_12V16V2000M72_1B.pdf/_jcr_content/rendi ons/original./3232
231_Marine_spec_12V16V2000M72_1B.pdf 

[61] ‘3231581_Marine_spec_8V12V16V4000M70_1B.pdf’. Accessed: Jan. 11, 2024. [Online]. 
Available: h ps://www.mtu-solu ons.com/content/dam/mtu/products/commercial-
marine/marine-and-offshore-service-and-supply/main-propulsion/mtu-series-
4000/3231581_Marine_spec_8V12V16V4000M70_1B.pdf/_jcr_content/rendi ons/original./32
31581_Marine_spec_8V12V16V4000M70_1B.pdf 

[62] ‘Fjernkontrollen.no’. Accessed: Sep. 25, 2023. [Online]. Available: 
h ps://www. ernkontrollen.no/ 

[63] M. Vågsland, ‘Fjernvarme – fram d eller for d?’, Energi & Natur. Accessed: Jan. 14, 2024. 
[Online]. Available: h ps://energiognatur.no/ ernvarme-fram d-eller-for d/ 

[64] ‘ADD2293 Delivering District Hea ng Networks | London City Hall’. Accessed: Oct. 02, 2023. 
[Online]. Available: h ps://www.london.gov.uk/decisions/add2293-delivering-district-hea ng-
networks 

[65] ‘Trondheim’. Accessed: Feb. 09, 2024. [Online]. Available: 
h ps://www. ernkontrollen.no/trondheim/ 

[66] ‘Fjernvarmeanlegget i Trondheim | Statkra  Varme’. Accessed: Sep. 25, 2023. [Online]. 
Available: h ps://www.statkra varme.no/om-statkra varme/ ernvarmeanlegg/trondheim/ 

[67] R. Garay-Mar nez and A. Garrido-Marijuan, Eds., Handbook of Low Temperature District 
Hea ng. in Green Energy and Technology. Cham: Springer Interna onal Publishing, 2022. doi: 
10.1007/978-3-031-10410-7. 

[68] ‘Tekniske Bestemmelser for Kundesentraler og Innvendige Røranlegg’, Statkra .com. Statkra , 
2012. [Online]. Available: h ps://www.statkra .com/globalassets/old-contains-the-old-folder-
structure/documents/statkra -varme-tekniske-bestemmelser-trondheim_klabu_tcm84-
23482.pdf 

[69] ‘Technology Data for Transport of Energy’, The Danish Energy Agency. Accessed: Feb. 09, 2024. 
[Online]. Available: h ps://ens.dk/en/our-services/projec ons-and-models/technology-
data/technology-data-transport-energy 

[70] ‘Økt forbruk av ernvarme’, ssb.no. Accessed: Feb. 09, 2024. [Online]. Available: 
h ps://www.ssb.no/energi-og-industri/ar kler-og-publikasjoner/okt-forbruk-av- ernvarme 

[71] ‘Fjernvarme og ernkjøling’, SSB. Accessed: Oct. 03, 2023. [Online]. Available: 
h ps://www.ssb.no/energi-og-industri/energi/sta s kk/ ernvarme-og- ernkjoling 

[72] I. Ska un, ‘Effek orbruk ved svømmeanlegg (Pirbadet)’, Master thesis, NTNU, 2019. Accessed: 
Feb. 09, 2024. [Online]. Available: h ps://ntnuopen.ntnu.no/ntnu-
xmlui/handle/11250/2625678 

[73] ‘Hvordan skal ernvarmeprisen reguleres? - NVE’. Accessed: Dec. 11, 2023. [Online]. Available: 
h ps://www.nve.no/energi/energisystem/termisk-energi/varme/hvordan-skal-

ernvarmeprisen-reguleres/ 
[74] R. Neugebauer, Ed., Hydrogen Technologies. Cham: Springer Interna onal Publishing, 2023. doi: 

10.1007/978-3-031-22100-2. 
[75] ‘PEM Electrolyser - C Series’, Nel Hydrogen. Accessed: Feb. 13, 2024. [Online]. Available: 

h ps://nelhydrogen.com/product/c-series-electrolyser/ 
[76] A. Hodges et al., ‘A high-performance capillary-fed electrolysis cell promises more cost-

compe ve renewable hydrogen’, Nat Commun, vol. 13, no. 1, Art. no. 1, Mar. 2022, doi: 
10.1038/s41467-022-28953-x. 



5 
 

[77] ‘Do frequent start/stop cycles and ramping affect the electrolyser’s longevity or performance?’, 
Enapter. Accessed: Feb. 11, 2024. [Online]. Available: h ps://www.enapter.com/kb_post/do-
frequent-startstop-cycles-and-ramping-affect-the-electrolysers-longevity-or-performance 

[78] ‘Electrolysers - Energy System’, IEA. Accessed: Jan. 15, 2024. [Online]. Available: 
h ps://www.iea.org/energy-system/low-emission-fuels/electrolysers 

[79] A. H. Reksten, M. S. Thomassen, S. Møller-Holst, and K. Sundseth, ‘Projec ng the future cost of 
PEM and alkaline water electrolysers; a CAPEX model including electrolyser plant size and 
technology development’, Interna onal Journal of Hydrogen Energy, vol. 47, no. 90, pp. 38106–
38113, Nov. 2022, doi: 10.1016/j.ijhydene.2022.08.306. 

[80] M. F. Platzer and N. Sarigul-Klijn, ‘Hydrogen Compression Technology’, in The Green Energy Ship 
Concept: Renewable Energy from Wind Over Water, M. F. Platzer and N. Sarigul-Klijn, Eds., in 
SpringerBriefs in Applied Sciences and Technology. , Cham: Springer Interna onal Publishing, 
2021, pp. 71–72. doi: 10.1007/978-3-030-58244-9_19. 

[81] D. Marciuš, A. Kovač, and M. Firak, ‘Electrochemical hydrogen compressor: Recent progress and 
challenges’, Interna onal Journal of Hydrogen Energy, vol. 47, no. 57, pp. 24179–24193, Jul. 
2022, doi: 10.1016/j.ijhydene.2022.04.134. 

[82] ‘2020617_-intro-HyET-Hydrogen-Webinar-revA-public.pdf’. Accessed: Feb. 20, 2024. [Online]. 
Available: h ps://netherlandsinnova on.nl/wp-content/uploads/2020/06/2020617_-intro-
HyET-Hydrogen-Webinar-revA-public.pdf 

[83] A. G. Elkafas, M. Rivarolo, E. Gadducci, L. Magistri, and A. F. Massardo, ‘Fuel Cell Systems for 
Mari me: A Review of Research Development, Commercial Products, Applica ons, and 
Perspec ves’, Processes, vol. 11, no. 1, Art. no. 1, Jan. 2023, doi: 10.3390/pr11010097. 

[84] R. M. Dell, P. T. Moseley, and D. A. J. Rand, ‘Chapter 8 - Hydrogen, Fuel Cells and Fuel Cell 
Vehicles’, in Towards Sustainable Road Transport, R. M. Dell, P. T. Moseley, and D. A. J. Rand, 
Eds., Boston: Academic Press, 2014, pp. 260–295. doi: 10.1016/B978-0-12-404616-0.00008-6. 

[85] ‘Hydrogen Storage’, Energy.gov. Accessed: Nov. 20, 2023. [Online]. Available: 
h ps://www.energy.gov/eere/fuelcells/hydrogen-storage 

[86] ‘Liquid Hydrogen Delivery’, Energy.gov. Accessed: Dec. 22, 2023. [Online]. Available: 
h ps://www.energy.gov/eere/fuelcells/liquid-hydrogen-delivery 

[87] W. U. Notardonato, A. M. Swanger, J. E. Fesmire, K. M. Jumper, W. L. Johnson, and T. M. Tomsik, 
‘Zero boil-off methods for large-scale liquid hydrogen tanks using integrated refrigera on and 
storage’, IOP Conf. Ser.: Mater. Sci. Eng., vol. 278, p. 012012, Dec. 2017, doi: 10.1088/1757-
899X/278/1/012012. 

[88] ‘liquid hydrogen boil temperature - Wolfram|Alpha’. Accessed: Jan. 25, 2024. [Online]. 
Available: h ps://www.wolframalpha.com 

[89] cmedia.es, ‘H2 Storage’, Idesa. Accessed: Dec. 07, 2023. [Online]. Available: 
h ps://www.idesa.net/hydrogen-storage-en.html 

[90] ‘Leak tes ng of FCV hydrogen tanks – April 2020 - AUTO TEST - Best Prac ces for Leak Detec on 
- INFICON’. Accessed: Jan. 27, 2024. [Online]. Available: 
h ps://newsle ers.inficon.com/AUTOTEST/April2020/LeakTes ngOfHydrogenTanks.html 

[91] W. M. Seong et al., ‘Abnormal self-discharge in lithium-ion ba eries’, Energy Environ. Sci., vol. 
11, no. 4, pp. 970–978, Apr. 2018, doi: 10.1039/C8EE00186C. 

[92] ‘On-Site and Bulk Hydrogen Storage’, Energy.gov. Accessed: Nov. 19, 2023. [Online]. Available: 
h ps://www.energy.gov/eere/fuelcells/site-and-bulk-hydrogen-storage 

[93] R. O. Ritchie and M. E. Launey, ‘Crack Growth in Bri le and Duc le Solids’, in Encyclopedia of 
Tribology, Q. J. Wang and Y.-W. Chung, Eds., Boston, MA: Springer US, 2013, pp. 596–605. doi: 
10.1007/978-0-387-92897-5_271. 

[94] ‘20160005654.pdf’. Accessed: Feb. 14, 2024. [Online]. Available: 
h ps://ntrs.nasa.gov/api/cita ons/20160005654/downloads/20160005654.pdf 

[95] H. Barthélémy, ‘Hydrogen storage – Industrial prospec ves’, Interna onal Journal of Hydrogen 
Energy, vol. 37, no. 22, pp. 17364–17372, Nov. 2012, doi: 10.1016/j.ijhydene.2012.04.121. 



6 
 

[96] ‘Low price for CO2 Storage Tank - Electronic Gas Container(MEGC) – Enric’, h ps://www.cimc-
enric.com/. Accessed: Jan. 25, 2024. [Online]. Available: h ps://~^(?<subdomain>.+)\\.cimc-
enric\\.com$:443/low-price-for-co2-storage-tank-electronic-gas-containermegc-enric-2-
product/ 

[97] ‘Mul ple Element Hydrogen Gas Containers (MEGC) | HYFINDR’. Accessed: Jan. 25, 2024. 
[Online]. Available: h ps://hyfindr.com/marketplace/systems/hydrogen-storage-
systems/mul ple-element-hydrogen-gas-containers-megc/ 

[98] V. B. Bhandari, Design of machine elements third edi on. 2020. Accessed: Jan. 25, 2024. 
[Online]. Available: 
h ps://ds.amu.edu.et/xmlui/bitstream/handle/123456789/16596/%28Mechanical%29%20Bha
ndari%2C%20V.B.%20-%20Design%20of%20Machine%20Elements-Tata%20McGraw-
Hill%20%282010%29.pdf?sequence=1&isAllowed=y 

[99] ‘Compressed hydrogen storage’, MAHYTEC. Accessed: Nov. 20, 2023. [Online]. Available: 
h ps://www.mahytec.com/en/compressed-hydrogen-storage/ 

[100] C. Houchins and S. Analysis, ‘Hydrogen Storage Cost Analysis’. 
[101] T. Q. Hua et al., ‘Technical assessment of compressed hydrogen storage tank systems for 

automo ve applica ons’, Interna onal Journal of Hydrogen Energy, vol. 36, no. 4, pp. 3037–
3049, Feb. 2011, doi: 10.1016/j.ijhydene.2010.11.090. 

[102] ‘Sta onary Hydrogen Storage’, NPROXX. Accessed: Jan. 25, 2024. [Online]. Available: 
h ps://www.nproxx.com/transport-sta onary-storage/sta onary/ 

[103] ‘Hydrogen Transport Solu ons’, NPROXX. Accessed: Jan. 25, 2024. [Online]. Available: 
h ps://www.nproxx.com/transport-sta onary-storage/hydrogen-refuelling-sta ons/ 

[104] M. Boles and Y. Cengel, ‘An Engineering Approach’, New York: McGraw-Hil l Educa on, 2014, 
Accessed: Jan. 28, 2024. [Online]. Available: h p://sutlib2.sut.ac.th/sut_contents/65917.pdf 

[105] O. Ruhnau and J. Muessel, ‘When2Heat Hea ng Profiles’. Open Power System Data, Jul. 27, 
2023. doi: 10.25832/WHEN2HEAT/2023-07-27. 

[106] O. Ruhnau, L. Hirth, and A. Prak knjo, ‘Time series of heat demand and heat pump efficiency 
for energy system modeling’, Sci Data, vol. 6, no. 1, Art. no. 1, Oct. 2019, doi: 10.1038/s41597-
019-0199-y. 

[107] O. Ruhnau and J. Muessel, ‘Update and extension of the When2Heat dataset’, Kiel, Hamburg: 
ZBW – Leibniz Informa on Centre for Economics, Working Paper, 2022. Accessed: Jan. 29, 2024. 
[Online]. Available: h ps://www.econstor.eu/handle/10419/249997 

[108] ‘Fig. 3 e Compressibility factor (Z) for hydrogen WRT pressure and...’, ResearchGate. Accessed: 
Jan. 16, 2024. [Online]. Available: h ps://www.researchgate.net/figure/e-Compressibility-
factor-Z-for-hydrogen-WRT-pressure-and-temperature-data-from-Ref_fig2_349917776 

[109] ‘03-07_hyet_bouwmann_public.pdf’. Accessed: Jan. 28, 2024. [Online]. Available: 
h ps://www.sintef.no/globalassets/project/novel/pdf/presenta ons/03-
07_hyet_bouwmann_public.pdf 

[110] ‘Press release: Nel launches MC250 and MC500 containerized large-scale PEM electrolysers’, 
Nel Hydrogen. Accessed: Feb. 12, 2024. [Online]. Available: h ps://nelhydrogen.com/press-
release/press-release-nel-launches-mc250-and-mc500-containerized-large-scale-pem-
electrolysers/ 

[111] ‘BI1207-hydrogen-flyer-2020.001.04.pdf’. Accessed: Feb. 17, 2024. [Online]. Available: 
h ps://hyethydrogen.com/upload_directory/files/BI1207-hydrogen-flyer-2020.001.04.pdf 

[112] F. Jonsson and A. Miljanovic, ‘UTILIZATION OF WASTE HEAT FROM HYDROGEN PRODUCTION’. 
[113] M. Carmo, D. L. Fritz, J. Mergel, and D. Stolten, ‘A comprehensive review on PEM water 

electrolysis’, Interna onal Journal of Hydrogen Energy, vol. 38, no. 12, pp. 4901–4934, Apr. 
2013, doi: 10.1016/j.ijhydene.2013.01.151. 

[114] Y. Wang, Y. Pang, H. Xu, A. Mar nez, and K. S. Chen, ‘PEM Fuel cell and electrolysis cell 
technologies and hydrogen infrastructure development – a review’, Energy Environ. Sci., vol. 15, 
no. 6, pp. 2288–2328, Jun. 2022, doi: 10.1039/D2EE00790H. 



7 
 

[115] ‘summary_evidence_district_hea ng_networks_uk.pdf’. Accessed: Jan. 18, 2024. [Online]. 
Available: 
h ps://assets.publishing.service.gov.uk/government/uploads/system/uploads/a achment_dat
a/file/212565/summary_evidence_district_hea ng_networks_uk.pdf 

[116] Z. Fu et al., ‘Fuel cell and hydrogen in mari me applica on: A review on aspects of technology, 
cost and regula ons’, Sustainable Energy Technologies and Assessments, vol. 57, p. 103181, Jun. 
2023, doi: 10.1016/j.seta.2023.103181. 

[117] A. Killingberg, ‘Vil bygge by på kjempetomt ved Midtbyen: – Om vi ikke klarer det nå, er det 
ganske skandaløst’, adressa.no. Accessed: Jan. 30, 2024. [Online]. Available: 
h ps://www.adressa.no/nyheter/i/WjPp5L/vil-bygge-by-pa-kjempetomt-ved-midtbyen-om-vi-
ikke-klarer-det-na-er-det-ganske-skandalost 

[118] ‘ArcGIS Web Applica on’. Accessed: Feb. 02, 2024. [Online]. Available: 
h ps://statkra eu.maps.arcgis.com/apps/webappviewer/index.html?id=4f17d9af01884fc1b98
708105a227dc3 

[119] ‘Varme - NVE’. Accessed: Feb. 18, 2024. [Online]. Available: 
h ps://www.nve.no/energi/energisystem/termisk-energi/varme/ 

[120] ‘Nå bor over 1 million nordmenn alene’, SSB. Accessed: Feb. 18, 2024. [Online]. Available: 
h ps://www.ssb.no/befolkning/barn-familier-og-husholdninger/sta s kk/familier-og-
husholdninger/ar kler/na-bor-over-1-million-nordmenn-alene 

 

 




