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Abstract

Hydrogen and fuel cell technology is a potential solution to renewable energy storage
and low emission heating. This thesis sets out to model and analyse the components,
fuel consumption, carbon emission and operating costs of a hydrogen fuel cell CHP
system for a community in Scotland. A base case scenario model of a current typical
Scottish household, which is grid connected and is using a condensation boiler for water
and space heating, was compared with that of a fuel cell CHP system in island operation
and of a fuel cell CHP system which is grid connected. The results were matched with
the demands of the community to find a best fit. The results suggested that hydrogen
fuel cell CHP system can provide full electrical and heat demand matches for an

average Scottish household. This is dependent on future technological advances.
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1. Introduction

The UK has pledged to reduce its CO2 Emissions by 80% by the year 2050, and the
Scottish government has also set the target of producing100% renewable electricity by
the year 2020. As of February 2018, renewable electricity production in Scotland sits
at 54%. Figure 1 shows the total energy consumption in Scotland; heating accounts for
over half the energy consumption and yet, in 2016, the proportion of renewable heat

production was only at 4.8-5.0% (Scottish Government, 2018).

Transport
25%

Heating
51%

Electricity
24%

Figure 1: Scottish energy consumption mix. (data: (Scot Gov, 2018))

80% of Scottish homes rely on natural gas to heat their homes, which generally require
3% more energy to heat on average than homes in the rest of the UK. Biomass CHP is
already a mature technology in the UK, and the UK government see it as the path for
reducing emissions in the residential heat sector (Ren and Gao, 2010). Biomass CHP
systems produced 555 GWh of heat in 2016 (Scottish Government, 2018). However,
the combustion of biomass still produces large amounts of CO.. Therefore, its ‘green’

credentials can be questioned. Hydrogen has already been explored as a potential

11



Merlin Carnegie, 2018

storage medium for the renewable electricity industry. This technology uses excess
energy produced by renewable means to convert water into hydrogen that can then be
used by a fuel cell for a later demand. Hydrogen fuel cells also produce a lot of heat,
so they could be used in a CHP system to further improve their efficiency. If hydrogen
fuel cell technology could be combined with CHP technology, it would help provide
0% emission heat (providing the hydrogen is also produced without emissions). District
heating is currently a popular technology in Scotland, with both the University of
Strathclyde and the University of Glasgow installing district heating schemes in the
past 5 years. From that, the term, ‘district energy’ could be applied to the envisaged
scheme for this project: a community which produces and consumes its own carbon-
free energy. This would help decentralise the energy market and would also add energy

security.

1.1. Aims

The aims of this thesis are to model and analyse a hydrogen fuel cell fuelled CHP
system for a typical Scottish community of 200 households. The model encompasses
the following three scenarios:

- Scenario 1: Base Model - current typical set up, grid connected and using a

natural gas condensation boiler, with no renewable energy production unit.

- Scenario 2: Hydrogen fuel cell CHP system in island operation with thermal

store.

o Scenario 2a: Add an electrical store

o Scenario 2b: Add an electrical store and an electric boiler

o Scenario 2c: Electric boiler without electrical store

12



Merlin Carnegie, 2018

- Scenario 3: Hydrogen fuel cell CHP system with grid connection and thermal

store.

The scenarios 2 and 3 will be modelled with and without partial load of the CHP system,

for all iterations.

1.2. Scope

This thesis looks to a future where certain hurdles and issues surrounding the relevant
technologies have been overcome. In this scope section, these assumptions have been
set out. These assumptions include the following:

- A hydrogen fuel production and supply chain has been fully developed and is

commercially competitive with natural gas.

- The cost of hydrogen is competitive with natural gas.

- The cost of fuel cells is competitive with other forms of CHP compatible

technologies.

The electrical and thermal demands based on the average requirements of a Scottish
community of 200 households were taken into consideration. Each household was
assumed to be of average size and occupancy with no extra renewable production units
or passive house qualities.

Scenario 2 works in island operation. It assumes a constant supply of hydrogen, but no
possibility of national grid connection. This is similar to the network in Stornoway,

which has its own Liquid Petroleum Gas (LPG) network (William Morrison, 2011).

13
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Hydrogen would be imported from the mainland replacing the 3000 tonnes of LPG
imported every year.

Scenario 3 would be applicable to any community that has either created its own
hydrogen network or that has upgraded its local national gas network to accommodate
pure hydrogen.

This paper will focus on the modelling and working of the hydrogen fuel cell CHP
system, not the electrical/thermal storage, housing improvements or other renewables.
The costs of the systems were based on operating costs and did not consider the capital
costs of installing the system and payback period.

This paper assumes that the supplied hydrogen is 100% pure, and therefore, the fuel
cell did not feature a fuel processor. The option of using a hydrogen boiler or gas turbine

was not considered.

1.3. Methodology

The first step was to conduct thorough research into literature and modelling software
packages. Once an initial scope was set, a literature review was completed, and software
was trialled and tested. The software was required to model hydrogen and CHP or heat
recovery systems, as well as strong electrical and thermal modelling capabilities. Since
the system would be based in Scotland, it was important to model for the whole year to
account for the disparity between winter and summer demands. The time increments
would be hourly to create a manageable data package. It was decided to model the
system for a community of 200 as this would smooth the demand profile, making it
more realistic, because with a single dwelling, it is possible that an electric shower (very
high demand) could be used for 10 minutes making it hard to model over the hour. Each

scenario was simulated with varying configurations, which were laid out in the next

14
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two sub sections. For each scenario, a configuration was selected via the yearly energy
match; the selected configuration (best combined electrical and heat match) was
explored further through selected weeks’ electrical and heating graphs generated from

the software package.

1.3.1. Scenario 1l

The methodology for scenario 1 required the efficiencies for a condensation boiler and

the prices for the fixed rate electricity market and natural gas.

1.3.2. Scenario 2

Figure 2 depicts the modelling process for scenario 2.

Scenario 2a (i)

Part Load
Non Part Load

Scenario 2b (i)

Electrical Storage

Scenario 2 Non Part Load

Scenario 2b
Part Load

Electrical Storage +

Island Operation Boiler

Boiler

Part Load

Figure 2: Scenario 2 methodology
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There were three configurations: first, adding electrical storage (scenario 2a); second,
adding an electric boiler to combine with the electrical storage (scenario 2b); and third,
removing the electrical storage to model system with only the electric boiler as auxiliary
power (scenario 2c¢). Each of these sub scenarios was modelled with the partial load
option for the CHP system on and off, resulting in a total of seven configurations
(including the original scenario 2, without any auxiliary power). The deciding values

were energy match followed by operating cost

1.3.3. Scenario 3

Figure 3 shows the iterations simulated for scenario 3.

Partial Iteration
Load Number

Thermal
Store _~ 1
)/'A\(’/
AN
Market W RN
/ \\
| Ahead
\ )
Y i & \\\@ 4
/  CHP \
System /w

Figure 3: Scenario 3 methodology

In scenario 3 a combination of configurations was used. This included: changing the

market with which the system trades electricity (ahead or fixed); whether there was a
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thermal store; and whether the partial load was activated or not. The deciding value was
operating income.
Two extra simulations were run, which added a heat rejection for both day ahead and

fixed tariff markets.

1.4. Thesis Structure

The first section of this paper consists of a literature review on hydrogen, fuel cells and
CHP systems. The second section explains and lays out the modelling process. The
third section lists the results. The fourth section discusses the results whilst also
highlighting the study’s limitations and the scope for future work. The fifth section

draws conclusions from the results and discussion and relates these to the field.
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2. Literature Review

2.1. Hydrogen

Hydrogen is the most abundant element in the known universe. It has the highest energy
density per gravitational mass of any fuel. Storing the energy produced from renewable
sources is a key issue that needs to be solved for renewables to be integrated into
community scale projects (Lyden, Pepper and Tuohy, 2018). It could also aid in the
decentralisation of the energy network, which could improve all-round efficiencies, as

displayed in Figure 4.

Conventional centralised energy generation

&1+

Central power Elcctncaol transmission T——
generation 6% losses feae
58% losses

Decentralised energy generation with fuel cell micro CHP

8 'O

Fuel cell unit
15% losses

Power & Heat
Delivered
85%

Figure 4: Potential energy efficiency savings through decentralisation (Elmer et al.,

2015)

There has been increasing interest in researching the conversion of surplus renewable
energy into hydrogen through electrolysis for storage. Numerous studies have
concluded this to be a technically viable solution (see for example: Mathiesen and
Lund, 2005; Carton and Olabi, 2010; Shabani and Andrews, 2011; Pedrazzi, Zini and

Tartarini, 2012).
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In 2014, the global hydrogen production was 40 billion kg per year (Stockford et al.,
2015). This is equivalent to 1332 TWh, which is 80% of the UK’s current annual energy
consumption (BEIS, 2018c). The most widespread hydrogen production process in the
UK is Steam Methane Reforming (SMR), which can still produce significant emissions
(Stockford et al., 2015). As the research, technology and costs develop, hydrogen

production through electrolysis will become more commercially viable.

2.2. Fuel Cells

Hydrogen fuel cells (FC) were invented in 1839. They use the electrochemical reaction
between hydrogen and oxygen to produce electricity, heat and water (Elmer et al.,
2015). The electricity is produced on the anode side by the electrochemical reaction,
whilst oxidising the cathode side. With the flows of free ions going through the
electrolyte, a current is created in an external circuit (Murugan and Horék, 2016). Even
though they have been around for a long time, hydrogen fuel cells haven’t gained
marketability (mostly due to costs), but as the technology is remerging as a potential
solution for the stochasticity and for a storage solution, the costs are beginning to fall

(Staffell and Green, 2013).

According to Elmer et al., 2015, there are six main types of fuel cell:

1. Proton Exchange Membrane Fuel Cell (PEMFC)

2. Alkaline Fuel Cell (AFC)

3. Direct Methanol Fuel Cell (DMFC)

4. Phosphoric Acid Fuel Cell (PAFC)
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5. Molten Carbonate Fuel Cell (MCFC)

6. Solid Oxide Fuel Cell (SOFC)

Currently, these fuel cells work on the principle that the system uses a fuel processor to
convert the directly supplied hydrocarbon fuel, which in most cases is natural gas, but
can also be other fuels such as LPG or biogas (Dodds et al., 2015; Elmer et al., 2015).
PEMFC and SOFC are the most widely used fuel cells, and have attracted the most
investment in the past few decades (Gencoglu and Ural, 2009; Dodds et al., 2015).
Figure 5 shows the current capacities and efficiencies of PEMFC and SOFC

technologies.

Application PEMFC SOFC
Residential Residential/commercial

Electrical capacity kW) 0.75-2 0.75—250
Thermal capacity (kW) 0.75-2 0.75—250
Electrical efficiency® (LHV) 35—-39% 45—-60%

Thermal efficiency® (LHV) 55% 30—45%

Current maximum lifetime 000 h 60—80 20—-90

years 10 3-10
Degradation rate” Per year 1% 1-2.5%

# Rated specifications when new, which are slightly higher than the averages experienced in practice.
Y Loss of peak power and electrical efficiency; thermal efficiency increases to compensate.
¢ Requires an overhaul of the fuel cell stack half-way through the operating lifetime.

Figure 5: PEM and SO Fuel Cell Performance (source: Dodds et al., 2015)

PEMFCs are considered low temperature fuel cells, operating between 80°C and
250°C, whereas SOFCs operate at high temperatures between 250°C and 1000°C. As
shown in Figure 5, PEMFCs have higher overall efficiencies over SOFCs, but SOFCs

have a higher electrical efficiency (Murugan and Horak, 2016).
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Table 1 lists the main advantages and disadvantages of both fuel cells.

Table 1:Advantages and disadvantages of PEMFC's and SOFC's (Elmer et al., 2015)

PEMFC

SOFC

Advantages

Quick Start up time,
compact, can vary output
quickly, no corrosive

fluids used

Useful high temperature
heat output can be used in
another cycle, no liquid

electrolyte used

Disadvantages

Expensive Platinum
catalysts required, high

purity of Hz required

Long start up time,
expensive heat resistant

materials needed

The present model used a PEMFC due to their quick start up time and ability to vary

output easily, as well as their higher share of the market (90%) and their longer life

span (Dodds et al., 2015). Recently, there has been more research into using graphene

instead of platinum to aid in reducing production costs of PEMFCs which could

increase their commerciality prospects dramatically (Zhou et al., 2014; Sahoo et al.,

2018).
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2.3. CHP Systems

Combined Heat and Power (CHP) or cogeneration systems are identified using a single
fuel source to produce electricity and heat, so that both can be used locally and
simultaneously. CHP systems have been regarded as one of the major alternatives to
traditional heating, increasing efficiencies and reducing emissions (Dong, Liu and

Riffat, 2009).
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Figure 6: CHP System

Figure 6 shows a concept diagram of a CHP system. The fuel is combusted or reacted,
depending on what energy unit is being used, which creates electricity and heat plus
any exhausts. The electricity then supplies the load and any residual electricity is either
sold to the grid (if grid connected) or stored. A heat recovery system heats a water
system, either storing the heat for hot water use or for supplying space heating. Most
systems in UK also have a backup boiler to supply hot water during peak demands. The
excess heat could also be used for cooling through an absorption chiller; this is referred

to as combined cooling heating and power (CCHP) or trigeneration (Mago, Fumo and
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Chamra, 2009; Gu et al., 2014). CCHP will not be covered in this paper since the site

is in Scotland, where there is rarely any cooling demand.

2.4. Fuel Cell CHP systems

Electrical Demand

DC/AC Inverter

Fuel in

Fuel Cell

Air in

Anode

Depleted
fuel
stream

Electrolyte

Cathode

Depleted
Air
stream

Heat
Exchanger

AN

Pump

Hot water storage

Heat Demand

Figure 7: Fuel Cell CHP system

Figure 7 shows the fuel cell CHP scheme. The main components are as follows

(Gigliucci et al., 2004):

- The fuel cell stack, where the hydrogen and oxygen combine in an

electrochemical reaction to produce DC electricity, heat and water
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DC/AC inverter, which converts the DC current into AC to be used or sold to

the grid

Heat recovery system, which recovers the heat generated by the stack to an

external water circuit through a heat exchanger

Hot water tank, which stores the thermal energy for when it is needed

Plant, essential fans, pumps, piping, valves and control systems
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3. Modelling

This section sets out the information gathered to build the model for each scenario. All

data collected was for 2017.

3.1. Software selection

The initial investigation into software consisted of a trial and error method. A
publication by (Lyden, Pepper and Tuohy, 2018)(see Appendix A) was used to aid in

the selection process. The software needed to be able to do the following:

1) Allow a Fuel Cell/Hydrogen network to be modelled or imitated
2) Accommodate both electrical and thermal systems

3) Model to the community scale

4) Work in hourly time steps

5) Work in island operation

6) Allow both thermal and electrical storage

After trialling HOMERpro, it was deemed that the thermal side of the modelling tool
was insufficient and that the lack of modularity did not allow the modelling of this type
of system.

Second, MERIT was trialled. This Strathclyde built piece of software would mean
extensive software support. However, it was deemed too hard to manage in terms of
user friendliness. Additionally, its CHP function made it hard to modulate the different

configurations required for this project.
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EnergyPRO is a software package made by EMD, a Danish software company, it was
originally created to model CHP systems and has since developed further (EMD, 2018).
It allows for the CHP system to be fuelled by any fuel defined by the user and allows
the efficiencies of energy conversion unit to be imitated by user defined inputs and

output.

3.2. Climate Data and Site Selection

Site selection for this project was not a critical point of the project because theoretically,
it could be applied to any community. Due to the example of a district gas network
which imports fuel in Stornoway, it was decided to limit the site selection to the Isle of
Lewis. This selection was based on the availability of climate data through EnergyPRO.

Figure 8 shows where the Isle of Lewis is compared to the mainland of Scotland.

Figure 8: Map of the Isle of Lewis

(Contains OS data © Crown copyright and database right (2018))
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EnergyPRO has an integrated database of climate data available to any user. Figure 9
shows the interface and exact location of where the climate data was recorded (yellow

triangle).

Position

‘ A ‘ Longitude: -6.55W

Latitude: 58.16N

Weather Sources
. Air temperature
Solar radiation
Wind speed
Precipitation

Humidity
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Map type

Offiine map

A A A

Lewis and Legend
Harris @ eras Selected point
M crsR A CFSR2
Sources online data
This dataset is CFSR2. Itis based
on a revised version of the CFSR
modeling framework and is run
with a 0.2 degree grid resolution.

Data is available from 2011 to
B the present.

Cancel

Figure 9: Climate data and site location (EMD, 2018).

The climate data shown is for the village of Achmore, but as stated earlier, this is
arbitrary because it could be applied to any community. The climate data did not affect

the modelling software unless any renewables were integrated into the modelling tool.
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3.3. Electrical Demand

The electrical demand was created using a typical daily household demand and then
multiplied by 200 to reflect the community demand. The daily household demand
profile was created with the HomerPro demand creator; Figure 10 shows this demand
profile.
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Figure 10: Typical daily electrical demand for 200 households

The average yearly electricity consumption per household in Scotland in 2017 was

4122 kWh (Scottish Government, 2018). The total electricity consumption per

household from the demand profile was 4105 kWh; therefore, it was determined to be

accurate.
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Figure 11 shows the yearly electricity demand profile for the 200 households.
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Figure 11: Yearly electrical demand for 200 households (MW)

The peak demand for the demand profile in Figure 9 is 463 kW (0.463 MW).
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3.4, Thermal Demand

The thermal demand was created manually, similarly to the electrical demand. The first
step was to create a typical daily demand profile for a single household. This was
created based on published information (Nuytten et al., 2013). Figure 12 shows the

demand profile created.
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Figure 12: Typical daily thermal demand profile for a single Scottish household in

January

The demand profile in Figure 12 shows that there is a peak in demand in the morning
as this is when most people will wake up and start their day. Figure 12 depicts a typical
day in January, but the general profile of the demand will not change throughout the

year, only the total amount of daily energy.

30



Merlin Carnegie, 2018

Figure 13 displays the disparity between winter and summer heating demands in the

UK.
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Figure 13: Average daily heating demand disparity between summer and winter
for a single household in the UK (Dodds et al., 2015).

An average daily demand profile was then created for each month, which can
be seen in Appendix B. These totals coincide with the Scottish Statistics for 2017
(Scottish Government, 2018). The profiles were then put into HOMERpro’s demand
profile builder, which scrambled the monthly profiles to creates a year’s profile in
hourly increments. This profile was for a single household, so it was multiplied by 200.

The full year’s demand profile for 200 households is shown in Figure 14.
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Figure 14: Yearly Heating demand for 200 households (MW)
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All heating units either relied on a 100% hydrogen gas network or a natural gas network.

The heating values, emissions and costs for hydrogen and natural gas (mainly methane)

were determined accordingly.

3.5.1. Heating Values

Table 2 shows the calorific values for both hydrogen and natural gas in kWh/kg at 1

bar of pressure and 0°C.

Table 2: Heating values of hydrogen and natural gas

Higher Heating Value

Lower Heating Value

(HHV) (LHV)
Hydrogen 39.4 33.3
Natural Gas (US) 14.5 13.1

All values were obtained from the engineering toolbox (Fuels - Higher and Lower

Calorific Values, 2003). The LHV was used for modelling purposes.
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3.5.2. Emissions

The supplied hydrogen was presumed to be clear of any impurities, and therefore,
would not release any emissions other than water. Current fuel cells have reformers
built in to convert natural gas to hydrogen. However, hydrogen produced from
renewables or biogas could be used in the future (Dodds et al., 2015).

The main emissions from natural gas are carbon dioxide (COz) and nitrogen oxides
(NOx). These emissions are summarised in kilogram of pollutant per kilogram of fuel

combusted (kg/kg) in Table 3.

Table 3: Emissions from natural gas (BEIS, 2018b)

Natural Gas
Carbon dioxide (kgco2/Kger) 2.75
Nitrogen Oxides (Kgnox/KGrel) 0.001

Carbon dioxide is considered to be one of the main causes of global warming, and is
one of the main targets for emissions reductions (Solomon et al., 2008; Shakun et al.,
2012).

Nitrogen oxides are the main pollutants, which contain nitrogen and oxygen, the most
prevalent being nitric oxide (NO) and nitrogen dioxide (NO2). These nitrogen oxides
are known to degrade local air quality (Seinfeld and Pandis, 2006).

Gas leakages are not considered, though they too can be harmful to the environment

(Howarth, Santoro and Ingraffea, 2011; Saunois et al., 2016).
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3.5.3. Costs

According to the Department for Business, Energy and Industrial Strategy’s “Quarterly
Energy Prices”, the average standard gas bill was £631 based on a consumption of
15000 kWh, giving a price of 42.10 £/MWh (BEIS, 2017). In agreement with these
figures, EnergyPRO calculated gas price to be 0.55 £/kg (0.0421 £/kWh x 13.1 kWh/kg

= 0.55 £/Kg).

3.6. Electricity markets

Two types of electricity markets were compared: the fixed market and the day ahead
market. Both these markets produce a carbon footprint for the production of energy;

this is measured in gco2/kWh. These markets are defined in subsequent sections.

3.6.1. Fixed Tariff Market

The fixed electricity market is used by most households in the UK; the client and energy
provider agree to a fixed energy price for a certain period. The average standard
electrical bill for 2017 was £619 based on a consumption of 3800 kWh, yielding a
standard rate of 162.90 £/MWh (619/3800 = 16.29 p/kWh)(BEIS, 2017). This value is
for the import of electricity and correlates with the electricity supplier’s rates. If a
household or community generates its own electricity, then it can then be sold back to
the grid. The tariff for the export of electricity is based on a standard feed-in tariff plus
a generation tariff, which depends on the generation method. The current standard feed-
in tariff is 5.24 p/kwWh (Ofgem, 2017). Table 4 shows a selection of the different rates

for generation types with similar capacities or relevance.
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Table 4: Generation tariffs for different technologies (Ofgem, 2017)

Generation Type Installed Capacity (kW) | Generation Tariff (p/kWh)
Large Solar PV 1000-5000 0.45
Anaerobic digestion 500-5000 2.07
CHP 0-2 14.52
Hydro 2000-5000 4.73
Wind 1500-5000 0.84

As can be seen in Table 4, there is currently no tariff for CHP larger than 2kW; this is

because it is considered that the only qualifying renewable fuel for CHP technology is

biogas from anaerobic digestion. For the sake of this paper, it is assumed that the

generation tariff for a hydro fuel cell CHP system would be the same.

Table 5 summarises the fixed tariff prices.

Table 5: Import/Export of electricity fixed tariffs

Tariff (E/MWh)
Import of electricity 162.90
Export of electricity 197.60
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3.6.2. Day Ahead (Spot) Market

The day ahead electricity market is based on an auction between buyers (demand) and
sellers (supply) bidding for multiple areas and hours for the next day. The European
Power Exchange (EPEX) market operates the energy markets for the United Kingdom
Germany, Austria, Luxembourg, France, Switzerland, Belgium and the Netherlands. It
fixes the prices by matching the supply and demand curves and calculates the Market
Index Price (MIP), which is the intersection between both curves, for each hour of the

next day (Cornélusse, 2014). Figure 15 shows a typical days pricing.
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Figure 15: Day ahead Market Index Price for 01/01/2017

The day ahead market MIP data for 2017 were obtained from Elexon Portal

(https://www.elexonportal.co.uk) and can be found in the attached excel sheet “Merlin

Carnegie thesis data references.xlsx” under EPEX 2017 tab.
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3.6.3. Emissions

The amount of CO2 per kWh of electricity produced by each market was the same, as
it can be presumed that the energy mix was similar whether the grid supply was fixed
or day ahead.

The value for the UK’s electrical energy mix was calculated using the total amount of
carbon dioxide emitted by power stations in 2017. The total carbon dioxide, 72 million
tonnes (Mt) (BEIS, 2018a) was divided by the total amount of energy produced, 336
TWh (BEIS, 2018b), which equals 0.214 Mt/TWh equating to 214g/kWh. This value
corresponds to the valued released by the mobile application GridCarbon, which
calculates the carbon intensity of the UK electrical grid in real time. Figure 16 shows

an example of the interface and the variation in a selected 24-hour period (21:10

16/08/18).
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Figure 16: Grid Carbon Intensity displaying the UK energy mix.

Figure 16 shows a strong validation for the calculated value; it also shows that natural

gas is currently the biggest provider of electrical supply.
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3.7. Model Components

3.7.1. Fuel Cell CHP

There is no specific fuel cell energy unit in EnergyPRO. However, the CHP option
allows for the energy efficiency ratios and the suppling fuel to be set. This forms the
basis of the fuel cell CHP system model. The electrical efficiency was be set at 40%
and the heat efficiency 55%, giving an overall efficiency of 95%. The “warmup”

inefficiencies were not considered.

3.7.2. Thermal Store

The thermal store assumed that the top of the tank was at 90°C and the bottom was at
50°C, which were the pre-set values given. EnergyPRO calculates the amount of heat
capacity in MWh based on these temperatures and the size of the tank. The tank was
sized to accommodate enough capacity to supply the daily average heat demand which
is 8.55 MWh/day, this was found to be 185m?® giving a heat storage capacity of 8.58

MWh.

3.7.3. Electrical Storage

The electrical storage was not specified but could have been a flow battery or Li-on
depending on what was available. It was sized to accommodate the daily maximum,
which is 3.66 MWh/day. The electrical store was therefore 4AMWh with a discharge and

charge rate of 0.5 MW which was enough to supply at peak demand.

3.7.4. Electric boiler

The electric boiler used was 99% efficient (Fan, 2018).
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4. Results

This section displays the results from the modelling. The results for each of the
scenarios results are broken down into 3 subsections: energy, emissions and running

costs.

4.1. Scenario 1: Base Case

The diagram of scenario 1 is shown in Figure 17. The electricity demand is supplied by
a fixed tariff market, whilst the heat demand is supplied by a natural gas condensation

boiler with an efficiency of 90% (Chen et al., 2012).

13.1000 kWhvkg 2800 (Wa E 2520 kW ) Time series
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N
Fixed tariff Electricity
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Figure 17: Scenario 1 schematic

For the boiler to supply a 100% match, it must be sized to the peak demand, 2.516 MW.
Therefore, the boiler rated capacity must be above 2.795 MW (2.516/90%), which can
be rounded to 2.8 MW. Appendix C shows the annual energy conversion figures, which
determine the yearly match and whether the size of the system is sufficient. A sanity
check was conducted by reducing the heat output of the boiler to 2500kW, which would
result in the peak load not being met. When it was changed, the heat production went
from 3123 MWh (100% match) to 3122.9MWh (99.997% match). This was the
expected result, confirming that the model was working correctly. Table 6 summarises

the annual energy results.
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Table 6: Scenario 1 annual energy results

Total Heat Demand 3,123 MWh
Total Heat Production 3,123 MWh
Peak Demand 2.5 MW
Heat Match 100%
Total Electricity Demand 821.1 MWh
Total Electricity Demand 821.1 MWh
Peak Demand 0.5 MW
Electricity Match 100%
Fuel Consumption (NG) 264,882 kg

Figure 18 shows a winter week, Monday 04/12/17 to Sun 10/12/17, which was the week

with the peak demand of the year, 2.516 MW, on Saturday 09/12/17.
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Figure 18: Scenario 1 winter week heating graph

As can been seen in Figure 18, the boiler met the demand at all times by varying its

output for any demand.
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4.1.1. Emissions

Emissions

2017

coz [tonne]
Natural Gas 726
Importedelectricity 176
CO2 Total 902
NOx [kg]
Natural Gas 284
NOx Total 264

Figure 19: Scenario 1 emissions (EMD, 2018)

The model calculated the related emissions associated with each energy supply. This
only applies to scenario 3 as electricity can be imported from the grid and there are
emissions when generating said energy. Figure 19 shows that in the base case a
community of 200 household would emit 902 tonnes of CO2 per year, including 726

tonnes locally and 264 kg of NOx, which is potential damaging to local air quality.

4.1.2. Running Cost

The full monthly running costs results are presented in Appendix D; Table 7

summarises the annual results below.

Table 7: Scenario 1 annual running cost

Cost System Running Cost
Imported fuel (NG) £145,685
Imported electricity £133,837

Total Cost £279,522

A sanity check was carried out on the running costs. According to the model, the prices

per household were £728 for gas and £669 for electricity; these costs correspond to the
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quoted prices found in the literature (£631heat; £619 electricity) (BEIS, 2017). This
confirmed that the model’s pricing of fuel was in the same order, and therefore, working

correctly.

4.2. Scenario 2: Island Operation

Stornoway on the Isle of Lewis currently supplies it’s 6200 residents with a district
LPG network (William Morrison, 2011; Highlands and Islands Entreprise, 2014). The
plant imports 3000 tonnes of LPG every year, which is the primary source of heating
on the island. The island is also grid connected by a 33 kV subsea connector, but there
are potential plans by the Scottish Government and SSE to upgrade this to
accommodate the large amount of wind projects that have been approved in the area
(SSE, 2015). From a logistics point of view, converting a local gas network such as
Stornoway’s would be relatively easy compared to converting the mainland’s. Whether
it is technically possible is yet to be detemined, but there is some research that suggests
it could be possible.

Figure 20 shows a schematic of scenario 2. The initial approach was to run simulations
for different sizes of fuel cell, 1500 — 250 in six steps of 250 kW.
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Figure 20: Scenario 2 Schematic
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In table 8, if the match is considered: insufficient (<70%) the cell is red; moderate (70%

- 85%) the cell is orange; and good (>85%) the cell is green.

Table 8: Scenario 2 annual energy match

CHP :aepaa:::'ili ?:i::ta: Pro:‘:::ion Pf:ft;:lt::tcizln Heat | Electrical| Total

(kW) Match | Match | Match
(kw) (kw) (MWh) (MWh)

1500 825 600 1102.2 801.6

1250 687.5 500 1102.2 801.6

1000 550 400 1101.8 801.3

750 412.5 300 1097.4 798.1

500 275 200 1066.7 775.8

250 137.5 100 892.2 649.1

Table 8 shows the results of the simulations run. When the electrical capacity was above
that of the electrical peak demand (500 kW), as in the first two iterations, the CHP was
running to follow the electrical demand, which also caps the heat production. This was
to be expected, as there is a large discrepancy between the two demands during the

winter weeks.
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This is shown in the graphs in Figure 21 for the winter week (04/12/17-10/12/17). These

graphs were produced with data from the first iteration.
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Figure 21: Scenario 2 electrical and heat graphs

In the electrical graph, shown in green (Figure 21), the electrical supply from the CHP
can clearly be seen to be following and covering the electrical demand. This dictates
the heat output, which also follows the same pattern; however, it only covers

approximately one third of the demand, so there is no surplus going to the thermal store.
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During the summer, the heating and electrical demands were not too dissimilar in terms
of magnitude. Figure 22 shows a summer week’s (Monday 26/06/17- Sunday 02/07/17)

electrical, heat and thermal store.
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Figure 22: Scenario 2 summer week electrical, heating and thermal storage graph
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From figure 22, there is an error in the model because the CHP system cuts out. The
reason for this has not been determined, but the phenomenon occurred on multiple
occasions and will be discussed further in the discussion section.

The CHP system was always running on ‘high’ priority, so the CHP would always

preferentially supply a particular demand over any other energy conversion unit.

4.2.1. Running costs

The only cost associated with scenario 2 model was the import of hydrogen. The best
size options would either be 750 kW or 500 kW as determined by comparing costs in

table 9.

Table 9: Scenario 2 running costs between two highest matches

Electrical
CHP size Heat match Total match Running Cost
Match
750 35% 97% 34% £32,956
500 34% 94% 32% £32,032
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4.3. Scenario 2a: Island Operation with an Electrical Store.

An electrical store was added to the model to examine its effect. An electrical store
could help alleviate the discrepancies between the two demands. Figure 23 shows a

schematic of scenario 2a.
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Figure 23: Scenario 2a schematic

The system was simulated for the given sizes of fuel cell running at partial load
(scenario 2a (i)) and non-partial load (full load) (scenario 2a (ii)). This was allowed by
the battery because otherwise, the fuel cell could only run at times when both demands
were higher than the max capacity of the fuel cell.

Appendix E shows the full results for the CHP running at partial load and full load.

Table 10 summaries the best fitting configuration for both.

Table 10: Scenario 2a summary of best matches

Partial Heat

Heat |Electrical ) Electrical Heat |[Electrical . Hours of |kg of Fuel| Running
CHP ) ) Load [Production . Combined .
Capacity | Capacity Production | Match | Match Operation |Imported Cost
(Y/N) (CHP)
Partial Load| 500 275 200 Y 1115.8 811.5 99% 8603 60923 | £33,508
Full load 500 275 200 N 1215.6 884.1 108% 4597 66374 | £36,506

From table 10, it can be seen that the initial match improvement due to the addition of
a battery was only 1%, with a slightly higher running cost. However, by limiting the

CHP system to only run at full load, the match was increased to 39% (adjusted for the
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surplus electricity), which is a 5% rise. By running the system at full load only, this also

reduced that number of hours in operation, which could prolong the lifespan of the
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Figure 24: Scenario 2a (i) electrical, discharge/charge and state of storage graphs

system.

Figure 24 shows electrical graph in green (top), the charge and discharge graph

(middle), and the battery state of charge (bottom); the graphs were constructed using

data from a winter week and 500kW CHP system. It can clearly be seen that when the

system reaches capacity (200kW), the battery makes up the supply (this happens most

often in the evenings). The battery is quickly recharged overnight. However, the state
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of charge graph shows that very little of the 4AMWh capacity was used; in fact, the
battery never went above 0.5 MWh depth of discharge over the whole year. This
indicates that the battery could be much smaller. Figure 25 shows the same graphs for

scenario 2a (ii), when the CHP was only allowed to run at full load.

b B

1]
Mon 041217 Tue 061217 Wed 081217 Thu 071217 FriG8n2ans Sat 081217 Sun 101217 Mon 11

B Fuel Cell CHP Electricity consumption
0.258
0.24
0.224

3 0.208

& 019

g 0178

o

& 018

=)

B 0144

m

= 0.128

=)

< 0112
0.096
0.08
0.064

ooy | |
sz fy gt
vos ] ’l

0

Men 041217 Tue O5M217 ‘Wed 081217 Thu OTH2nT Fri 081217 Sat 01217 Sun 1011217 Men 11

Discharging Charging

42
41
4

39
38
37
38
35
34
33
32
31
3

29
28
27

Mew Baltery Storage W)

27
28
28
24
23
22
21

2
18
18
17

Man 0411217 Tue 051217 Wed 06M217 Thu 0711217 Fri 0gM217 Sat 091217 Sun 101217 Men 11

== Storage capacity Storage content

Figure 25: Scenario 2a (ii) electrical, discharge/charge and state of storage graphs
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In Figure 25, it is evident that the battery was used much more, as it discharged to below
2MWh; the full electrical store was used several times over the year in this scenario. It
can also be noted that the discharge/charge graph is the inverse of the electrical
consumption.

Figure 26 shows the thermal graphs from both Scenario 2a (i) and 2a (ii).
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Figure 26: Scenario 2a (i) and 2a (ii) thermal graphs

It can be seen from both graphs in Figure 26 that the thermal capacity was far too low.
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4.4. Scenario 2b: Island Operation with an Electrical Store and Electric
Boiler
Due to the discrepancies between the electrical and heating demands, the model was
able to account for most of the electrical demand, but there was still a big shortfall for
the thermal demand. Modelling was used to determine whether this could be alleviated
by adding an electrical boiler, which would supply more heat and increase the electrical

internal demand. Figure 27 shows the schematic for scenario 2b.
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Figure 27: Scenario 2b schematic

Following the methodology, the scenario was again modelled with and without partial
load (scenario 2b (i) and scenario 2b (ii) respectively). The simulations modelled
compared different combinations of fuel cell and electric boiler — a table of all iterations
can be seen in Appendix F. Table 11 summarises the best options for both scenario 2b
(i) and 2b (ii).

Table 11: Scenario 2b summary of best matches

Heat |Electrical | Electric pakl Heat Heat Heat Electrical Electrical | Electrical Heat |Electrical | Combine
CHP ) ) B Load |Production |Production| Production B
Capacity | Capacity | Boiler . Production | consumed Total Match Match d
(Y/N) (CHP) (Boiler) (Total)
Full Load | 1250 | 687.5 500 300 N/Y 2236.1 820.8 3056.9 1626.2 829.2 797 98% 97.1% 95%
Partial Load 1000 550 400 200 Y/Y 2266.6 854.7 31213 1648.4 863.4 785 100% 95.6% 96%
750 412.5 300 200 Y/Y 2248.2 835.2 3083.4 1635 843.7 791.3 99% 96.4% 95%

From Table 11, the matches have vastly improved in both scenarios 2b (i) and 2b (ii);

adequate electricity and heating are provided. There are two possible configurations for
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2b (ii): a 1000kW fuel with a 200 kW electric boiler, or a 750 kW fuel cell with a 200
kW electric boiler. The following graphs will be based on the 750 kW setup, because it
would be marginally cheaper to run (£68,064 for the 1000 kW and £67,513 for the 750

kW). It would also be cheaper in capital costs.
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4.4.1. Scenario 2b (i)

Figure 28 shows the electrical graphs for scenario 2b (i)
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Figure 28: Scenario 2b (i) electrical, discharge/charge and state of storage graphs

Similarly, to Scenario 2a (ii) the electrical consumption graph and discharge graph
follow each other, whereas the charging graph is the difference between the CHP

production and consumption. In this scenario, the full depth of discharge is used.
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Figure 29 shows the thermal graphs for scenario 2b (i).
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Figure 29: Scenario 2b (i) thermal and thermal storage graphs

In figure 29, it can be seen that the majority of the heating load was supplied by the
CHP system. The electric boiler supplied a secondary boost and base during times when

the CHP was not on. Finally, the thermal store supplied at peak times.
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Figure 30 highlights the effect of the electric boiler on the electrical demand over one

day (Tuesday 05/12/17).
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Figure 30: Scenario 2b(i) effect of the electric boiler on

electrical demand

When the electric boiler was switched on, the electrical demand increased, which

transitioned to the discharge of the battery.
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4.4.2. Scenario 2b (ii)

Figure 31 shows the electrical graphs for Scenario 2b (ii).
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From Figure 31, the electrical demand was mostly covered by the CHP with the battery
alleviating any peaks and troughs. However, Figure 32 shows that the battery was only

used during the winter months.
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Figure 32: Scenario 2b (ii) yearly battery storage
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Figure 33 shows the heat production and thermal store graphs.
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Figure 33: Scenario 2b (ii) thermal and thermal storage graphs

From Figure 33, the heat demand was similarly covered by the CHP, providing a base

load and the storage alleviated the peaks and troughs.
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4.5. Scenario 2c: Island Operation with an Electric Boiler

For most of the year, in scenario 2b (ii) the battery was not used. Batteries are expensive
and the less components there are, the cheaper the system would be to set up. Figure

34 shows the schematic of scenario 2c.
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Figure 34: Scenario 2c schematic
The full results for scenario 2c are in Appendix G. Table 12 summarises the best
matches for both scenarios 2c CHP at full load (scenario 2c (i)) and CHP at partial load

(scenario 2c (ii))

Table 12: Scenario 2c summary of best matches

Heat |Electrical | Electric Heat. Heat. Heat. Electrical Electrical |Electrical| Heat [Electrical .
CHP 3 3 . Production | Production |Production 3 Combined
Capacity | Capacity | Boiler ) Production | consumed Total Match Match
(CHP) (Boiler) (Total)
Full Load 750 412.5 300 300 2124.7 961 3085.7 1545.2 970.7 574.5 99%
Patial load | 1000 550 400 400 2264.5 858.5 3123 1649.9 865 784.9 100% 95.6% 96%

By removing the battery, the system could only store energy in the form of heat.
Therefore, in scenario 2c (i), the electricity relied on the heat demand. The maximum
electrical match achieved was 79%, but this had a detrimental effect of the heating

(77%) and brought the overall match down to 61% (see Appendix G).
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Figure 35 shows the electrical, heating, and thermal store graphs for scenario 2c (i).
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Figure 35: Scenario 2c (i) electrical, heating and thermal store graphs

In figure 35, it can be seen that the CHP ran at full capacity for almost the whole week.

The electric boiler could only run when the CHP system was running. It produces the

inverse of the electrical demand, storing any surplus heat. The CHP system stopped
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twice during this week, because there was be enough space in the thermal to
accommodate what would be produced at full load.

The graphs for Scenario 2c (ii) are represented in Figure 36.
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Figure 36: Scenario 2c (ii) electrical, heating and thermal store graphs

62



Merlin Carnegie, 2018

Figure 36 shows that the CHP system and electric boiler worked with the thermal
storage to provide a full match of the heating demand. This resulted in the CHP working
at full capacity. Any electricity that was not being used by the demand was diverted to

be stored as heat.

63



Merlin Carnegie, 2018

4.6. Scenario 3: Grid Connected
Scenario 3 explored the possibility of connecting to the mainland grid and looked at
some the different configurations. The biggest indicator of viability was operating

income. Figure 37 shows the schematic of scenario 3.
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Figure 37: Scenario 3 schematic

For this scenario, only one size of fuel cell CHP was investigated, to ensure that the
maximum heat demand would always be met; therefore, the size was determined to be
4.6 MW (2.5/055= 4.5454 ~ 4.6). As per the methodology, 8 simulations were run,
which varied the following parameters: fixed/ahead markets; thermal store yes/no;

partial load yes/no. The full results are displayed in Appendix H.

Table 13: Scenario 3 summary of simulations

Iteration ot IFEREL Heat Electrical |Electrical | Electrical | Electrical | Running COZ Hours of e
Market | Water load . . ) Emissions . Imported
Number Production | Production | Exported |imported| Total (Cost (£) Operation
Storage | (Y/N) (tonne) (kg)
1 Ahead N/a N 0 0 0 821.1 821.1 | -£39,606 176 0 -
2 Ahead N/a Y 3123 2271 1497.4 47.2 820.8 -£19,214 10 8760 170,514
3 Ahead 8.58 N 3038.5 2209.8 2024.5 635.7 821 £10,692 136 1201 165,904
4 Ahead 8.58 Y 3123 2271.2 2045.1 594.9 821 £12,547 127 8760 170,514
5 Fixed N/a N 0 0 0 821.1 821.1 | -£133,837 176 0 -
6 Fixed N/a Y 3123 2271.2 1497.4 47.2 821 £194,402 10 8760 170,514
7 Fixed 8.58 N 3056.2 2222.7 2152.1 750.5 821.1 | £211,149 161 1208 166,871
8 Fixed 8.58 Y 3123 2271.2 2152.3 702.2 821.1 £217,063 150 8760 170,514

Table 13 shows a summary of these results. It can be seen that the system ran similarly
no matter which market it was on, and the only significant difference was income. The

system could not run at full load without a thermal store, which was to be expected.
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However, the electrical demand was still met by the grid, and therefore the discrepancy
in price between the two markets is shown. In iterations 2 and 6 (no thermal store and
partial load) the system followed the heat demand and sells any excess electricity it had
left to the grid. In iterations 3, 4, 7 and 8, the system turned on under two conditions:
firstly, the priority was low (based on high price for electricity) and there was enough
thermal store, or secondly, the thermal storage was low. Figure 38 shows an example

from iteration 7 over two days.
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Figure 38: Scenario 3 iteration 7 priorities, heating and thermal store graphs
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4.6.1. Scenario 3 with Heat Rejection

Both models for scenario 3 had the option of rejecting heat added. Table 14 shows the

results, and the full results are shown in Appendix H.

Table 14: Scenario 3 with heat rejection summary.

Heat Heat Heat Electrical |Electrical | Electrical | Electrical Running o
CHP Market . L. ) ., Cost Imported
Production | Rejection Total | Production |Exported (imported| Total ) k)
4600 Ahead 22162.8 19039.8 16188.4 | 15297.3 0 £17,081 1,210,090
4600 Fixed 22162.8 19039.8 16188.4 | 15297.3 0 £2,357,199 1,210,090

Again, the market had no effect on the system or outputs, just the income, because with
the heat rejection, the system was able to run at full capacity 24 hours per day 365 days

per year. Figure 39 shows the heat graph for the day ahead market for the whole year.
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Figure 39: Scenario 3 with heat and rejection heat graphs over 2017

From figure 39, the heat rejection (blue) is the inverse of the consumption (orange) due

to the constant production from the CHP system (red).
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5. Discussion

In this section, the results, limitations and future work are discussed. The results from
scenario 1’s base case corresponded well with the relevant current energy consumption.
This gave a good foundation to explore different options for the island and grid

connected scenarios.

5.1. Scenario 2

The initial results from the modelling of scenario 2 provided a good electrical match,
which was encouraging. This was due to the disparity between the two demands. In
scenario 2, the system was electrically led; it could not have been thermally led without
either a grid connection or an electrical dump. The system was modelled with grid
connection in scenario 3, but the software package did not allow for an electrical dump.
Initially, attempts were made to correct this disparity by changing the efficiency ratios
of the fuel cell, for example, by imitating an electrical dump. In this case, the outputs
of the fuel cell would be 825 kW of heat capacity and 215 kW capacity for electricity.
To provide that much heat capacity from a PEM fuel cell, it would need to have a
capacity of 1500 kW (825/55%), meaning the electrical output would actually be 600
kW (1500*40%). The model would be imitating an electrical dump of 385 kW (600-
215), but there was no way to record such a dump, as there is with heat rejection. The
results from these initial tests can be found in the attached MS excel spreadsheet.

In this scenario and all scenarios in island operation, there was an error in the model.
In every iteration, the system shut down three times over the summer for a couple of
days at a time, the first coming towards the end of June in each configuration. This was

most likely a software error, as no discernible reason could be determined.
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In scenario 2a, an electrical store was added to increase the manageability of the
electrical supply, which would then improve the thermal supply. At partial load
(scenario 2a (i)), this improved by 1%, but the electrical store also allowed the CHP
system to only run at full capacity, which improved the overall match by 7%. There
was limited literature discussing whether it is more efficient to run a CHP system at full
or partial load. By running only at full load, the fuel cell was running for fewer hours
over the course of a year, which could mean it would last longer. However, this would
no doubt affect the efficiency of the fuel cell itself and could also lead to faster
deterioration.

By adding an electric boiler into the system in scenario 2b, the electrical demand was
increased, thus increasing the overall heat output as well as the heat output from the
boiler itself. This levelled out the demands and provided very good matches in both
partial and full load operation. However, this meant there would be many parts to the
system, meaning more potential redundancies. It would also negatively affect the
capital cost.

Scenario 2c addressed these issues by removing the battery while keeping the electric
boiler. In this scenario, when the CHP system was on full load only (scenario 2c (i)),
the electrical match worsened, which was to be expected. However, when the CHP
system was allowed partial load, the match improved marginally, making it the highest
match out of any configurations from the scenario 2 simulations. If this scenario was
compared to the current situation on Stornoway, where 3000 tonnes of LPG is imported
to supply heat to 6800 people (around 2840 (6800/2.4= 2833 =~ 2840) households), the
configuration in table 15 would provide both electricity and heat, whereas the current

situation only supplies heat.
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Table 15: Island operation best match

Heat
Heat |Electrical | Electric ea i Electrical| Heat |Electrical . kg of Fuel
CHP . . . Production Combined
Capacity | Capacity | Boiler (Total) Total Match Match Imported
ota
1000 550 400 400 3123 784.9 100% 95.6% 95.59% 123,638

From Table 15, 123.65 tonnes of hydrogen needed to be imported to supply a
community of 200 households. If the system could be scaled up to supply for 2840
households, the amount of hydrogen needed to be imported would be 1756 tonnes
((2840/200)*123.65) per year. However, the hydrogen supply chain is currently very
expensive, and there would also be storage and transport issues, due to hydrogen’s very

low density.

5.2. Scenario 3

The major conclusion drawn from the scenario 3 results was that the disparity between
the two prices for exporting electricity indicated that the fixed sell rate is too high or
the day ahead market function is not functioning properly within the software. With the
potential of a high voltage subsea cable being connected to the main land, it is not
farfetched to imagine a CHP system functioning in the same manner as in scenario 3.
By operating at full capacity, the operating income would be maximised. This can be
determined from the results as that was the case for both the fixed and day ahead

markets.
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5.3. Limitations

The limitations of the project were mostly outlined by the assumptions which were
defined before beginning the modelling process. For example, the assumption that the
hydrogen production and supply chain was commercially developed could be quite far
in the future; though technically deemed to be possible, it is unclear what the timeframe
might be (Garland, Papageorgopoulos and Stanford, 2012). Additionally, fuel cells are
not currently economically competitive with other CHP compatible technologies, but
again, additional developments and technologies could attenuate this limitation
(Garland, Papageorgopoulos and Stanford, 2012). The assumption that all 200 houses
in the community are homogenous with no energy saving retrofits is vastly simplified.
Only 5.4% of heat produced in Scotland is renewable, but the Scottish government has
put in place numerous incentives to decrease demand, such as loft insulation incentives
(Scottish Government, 2018). It has already been established that hydrogen can be
produced sustainably (Dodds et al., 2015). PEM fuel cells are not currently produced
at a relevant scale, but thanks to their modularity, as the technology matures, large PEM
fuel cells should be a possibility (Lacko et al., 2014). Network losses were not
considered, but again, due to the modularity of fuel cells, it could be considered that the
modelled capacity was made up of 200 individual fuel cell micro CHP systems similar

to those in the Enefarm project in Japan (Ren and Gao, 2010).

5.4. Future Work

In the future, this work could be expanded in many directions.
For example, tri-generation would help balance the heating demand by add a cooling

demand for the summer that uses excess heat by the means of an absorption chiller.
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The inclusion of electric vehicles (EVs) in the modelling scenarios would add another
interesting dynamic. EVs would add an extra store and demand side management plan.
They would be particularly useful in the community-based schemes. EVs do not
exclude hydrogen fuel cell cars.

Instead of relying on imported, pure hydrogen, hydrogen could be made on site through
renewable means. The issues with a hydrogen economy and importing hydrogen gas
could be alleviated through onsite generation using renewables and an electrolyser.
Some parts of this study relied on existing gas networks for the transport of pure
hydrogen. It should be studied whether and how the current gas network could be
upgraded to accommodate pure hydrogen. An island like Lewis would be the perfect
setting to test the theory of a hydrogen gas network for residential purposes.

Models could be iterated using other stationary hydrogen energy units, such as
hydrogen gas turbines or hydrogen boilers, which could be used in combination with
or in place of other components.

This study did not take into account capital costs for the installation of such schemes or
a payback period; therefore, it would be imperative for future studies to investigate the

economic viability of this technology as it matures.

6. Conclusions

In conclusion, a hydrogen fuel cell CHP system could deliver a full match for both
heating and electrical demand of a 200 household community with the aid of an electric
boiler. Further research and much more investment is necessary to determine the
viability of this technology as many components need further development. Hydrogen
has the potential to be a big player in the energy sector, helping to reduce emissions and

to provide more energy security.
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8. Appendices

8.1. Appendix A
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8.3. Appendix C
Heat demands:
Heat demand 1 3,123.0 MWh
Max heat demand 2.5 MW
Heat productions:
Boiler 3,123.0 MWh/year 100.0%
El y o ds (not incl g electricity d by gy units):
Electricity Demamd 821.1 MWh
Max electricity demand 0.5 MW
Electricity exchange:
Fixed tariff market:
Night Total
[MWh/year] [MWh/year]
Exported electricity, Fixed tariff market 0.0 0.0
Imported electricity, Fixed tariff market 8211 821.1
Hours of operation:
Fixed tariff market:
Night Total Of annual
[hYear] [h/Year] hours
Out of total in period 8,760.0 8.760.0
Turn ons:
Boiler 0
Fuels:
By fuel
Fuel consumption
Hydrogen 0.0kg
Natural Gas 264.881.8kg
By energy unit
Boiler 3.470.0 MWh =2648818 kg
Total 3.470.0 MWh

Appendix C: Annual energy conversions results from EnergyPRO
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