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Abstract

This study investigates the integration of green hydrogen into building energy systems
using local solar power, with the electricity grid serving as a backup plan. A comprehensive
bottom-up analysis compares six energy system configurations: the natural gas grid boiler
system, all-electric heat pump system, natural gas and hydrogen blended system, hydrogen
microgrid boiler system, cogeneration hydrogen fuel cell system, and hybrid hydrogen
heat pump system. Energy efficiency evaluations were conducted for 25 homes within one
block in a neighborhood across five typological house stocks located in Stoke-on-Trent, UK.
This research was modeled using a spreadsheet-based approach. The results highlight that
while the all-electric heat pump system still demonstrates the highest energy efficiency
with the lowest consumption, the hybrid hydrogen heat pump system emerges as the most
efficient hydrogen-based solution. Further optimization, through the implementation of a
peak-shaving strategy, shows promise in enhancing system performance. In this approach,
hybrid hydrogen serves as a heating source during peak demand hours (evenings and
cold seasons), complemented by a solar energy powered heat pump during summer
and daytime. An hourly operational configuration is recommended to ensure consistent
performance and sustainability. This study focuses on energy performance, excluding
cost-effectiveness analysis. Therefore, the cost of the energy is not taken into consideration,
requiring further development for future research in these areas.

Keywords: green hydrogen; hydrogen Integration; hydrogen system; heat pump; hydrogen
boiler; hydrogen fuel cell; hybrid hydrogen

1. Introduction
1.1. Background and Motivations

Renewable energy in the United Kingdom has grown by ten times since 2004, demon-
strating significant progress toward its target of renewable energy contributing 42.8% to the
nation’s total electricity generation. The United Kingdom is committed to reducing national
greenhouse gas emissions by at least 68% by 2030 [1]. However, 85% of homes and 40% of
the electricity used across the nation still rely on gas [2]. To meet its Net Zero commitments,
the UK government introduced the Net Zero Strategy in 2021, outlining a transition toward
low-carbon technologies, including hydrogen [3]. Natural gas combustion produces around
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117 pounds of CO; per Million British Thermal Units (MMBtu), while coal and diesel fuel
oil create more than 200 and 160 pounds CO, per MMBtu, compared to more than 200 for
coal and 160 for diesel. Methane, a potent greenhouse gas, is also released across the natural
gas value chain [4,5].

Solar energy, despite its growth, suffers from a mismatch between supply and
demand—excess generation in summer and shortfalls in winter. This imbalance threatens
grid stability and calls for long-term energy storage solutions. Hydrogen has emerged as a
promising candidate to address this challenge, offering seasonal storage potential and grid
backup during peak demand.

Hydrogen is currently used primarily in industrial sectors such as high-temperature
processes, shipping, and large-scale electricity storage [6]. Its role in residential heating,
however, remains debated. A study from Fraunhover IEE mentions that hydrogen is not
a viable option when it comes to heating buildings [7]. David Cebon similarly noted that
heating hydrogen would require 5 to 6 times more renewable electricity than a highly
efficient heat pump [8]. On the contrary, other studies also describe how injecting hydrogen
into buildings is possible; hydrogen could be blended into existing system natural gas
networks, including a direct use of boilers and fuel cells [9], while pilot initiatives, such as
by Northern Gas Networks near Gateshead in the UK, have successfully demonstrated the
transitional steps of running exclusively on hydrogen [10].

Despite these developments, multiple studies have highlighted significant challenges
in using hydrogen for building heating. Cost is a major barrier, particularly when hydrogen
is produced from methane (grey hydrogen), which also results in high CO, emissions [11].
Moreover, distribution infrastructure for hydrogen remains underdeveloped and would
require major investment [12]. Jan Rosenow further emphasized that hydrogen should be
reserved for sectors that are difficult to electrify, given the existence of more efficient and
lower-carbon options like heat pumps.

Hydrogen presents several advantages for building energy systems, including its
ability to store renewable energy seasonally, compatibility with existing gas infrastructure
(in blends), and zero on-site emissions when used in fuel cells or boilers. However, these
benefits are offset by critical drawbacks: hydrogen production is often energy-intensive and
expensive, especially when derived from fossil fuels; distribution infrastructure is not yet
widespread; and overall system efficiency is generally lower than alternatives like electric
heat pumps. These trade-offs highlight the need for comparative studies to evaluate the
actual performance and feasibility of hydrogen-based systems in residential settings.

In summary, although hydrogen offers strong potential for long-term energy storage
and decarbonization, particularly when produced from renewable sources, its use in the
building sector is still debated due to concerns about efficiency, cost, and system complexity.
This study aims to compare the energy performance of hydrogen-based systems with
conventional solutions such as electric heat pumps and natural gas boilers. Focusing on res-
idential building typologies in the UK, the goal is to evaluate which systems offer the most
energy-efficient and practical pathways for sustainable heating in the built environment.

1.2. Theoretical Frameworks

The need for improving energy efficiency is crucial in energy performance criteria.
Calculated energy needs can be converted into primary energy by applying the relevant
primary energy factors. These factors were responsible for any system losses and ineffi-
ciencies caused by energy systems utilized in buildings [13]. Total energy consumption is
calculated for heating, hot tap water, ventilators, lighting, and cooling [14]. Ir. M. Kuijpers
Van Gaalen described the energy used for heating is determined by the following aspects:
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e  The demand for heating in a house. The amount of heat to keep the temperature at the
required level;

o  The efficiency of the system. This represents the energy losses that occur between the
demand side (the amount of heat required in a room) and the generating side of the
distribution system;

e  Building construction material including the heat transport mechanism; insulation
material, heat transport through conduction, radiation, and convection. Solar gain
and infiltration.

Net heat demand is the difference between the amount of heat lost via transmission
and ventilation and the amount of heat generated by the sun and human and mechanical
sources [14]. A system will achieve thermal equilibrium if the sum of all heat transfers is
sufficient to cause the desired change in temperature. The energy performance assessment
in this study is grounded in the principle of thermal equilibrium, which governs the balance
between energy supply and demand buildings.

Qout = Qin (1)

Qout = Qtransmission + Qventilation + Qinﬁltration
Qin = Qsolar + Qinternal

QO = Qtransmission + Qventilation + Qinfiltration - Qsolar - Qinternal (2)

where Q) is a heat balance; Qi fitration 15 heat flow of infiltration, through uncontrolled
air leakage losses; Qg4 is a heat flow of solar load; Qj,ternar is the internal heating in the
buildings; and Qi ansmission 15 @ heat loss through transmission occurs through physical
layers of the buildings; the outer walls and roofs, windows, doors and glazing, and via the
floor at ground [14]. The heat accumulated within the material construction processed to
the temperature progression, adapting with the new situation depending on the mass of
the construction. All materials are taken into consideration, including building insulations
within the material layers. This is beneficial when accompanied by favorable U-values
since it enhances and functions as a thermal bridge, which will slow down the heat transfer.

Qtransmission = § :U'A'AT (3)
1

= — 4

U R 4)

Defined with Qi ansmission 1S the heat flow of transmission; U is U-Value of the window
glazing; A is the total area of a transmission; AT is the temperature difference between the
high and the low temperature [15]. The indoor temperature is assumed to be constant at
20 °C throughout the year, in line with typical comfort standards. However, the outdoor
temperature varies hourly and is obtained from a weather dataset representing Stoke-on-
Trent’s climate conditions. Heat loss through ventilation and infiltration is the total amount
of energy consumption that is required to heat air supplied from the outside up to the
temperature in the room. The equation of Qj,iiration i simplified as follows:

\
Qinfiltration = p'Cp'n'm'AT (5)

This includes air that finds the way out via cracks and gaps, or even ventilation systems
caused by the occupants opening doors and windows [14]. In this research, the ventilation
uses heat recovery, as the homes will be renovated whether in light or ambitious renovation.
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Where the rate of airflow is defined as follows:
= P\"3600
The equation for Qqentilation With heat recovery is followed.
Qventilation= (1 — M) Myent- Cp-AT (6)

where C,, is a specific heat capacity of air (1000 J/kg-K); p described as the air density; 1 is
the efficiency of the heat recovery system; n illustrates the air change rate (per hour); V is
the volume of the room; and AT is temperature difference [15].

Additionally, the second major energy performance characteristic in a building is the
ability to control solar heat gain through the glazing. The total solar energy that enters the
room is determined by the total area of the window, and g-value, defined as the coefficient
difference used to measure the transmittance of solar gain through glazing. The heat flow
of solar gain is formulated as follows:

QSolar =8 'Awindow 'Esunload (7)

where Qgj,; is the heat flow of solar, of which g is value of solar transmittance; A is the
total area of window; and E is a solar load, where the solar load values follow the dynamic
changes throughout the year.

Qinternal = Qint,people + Qint,lighting + Qint, appliance 8)

Qinternal epresents the internal heat gains generated within the building from occu-
pants, appliances, and lighting. These internal gains influence the overall energy demand
profile and form part of the baseline for the building’s energy performance assessment.
As previously mentioned, the final energy performance also depends on the efficiency of
the selected energy system, which affects how much input energy is required to meet the
heating demand.

EnergYOutput

n= -100% ©)
EnergYinput

Energy efficiency is defined as the ratio between the output and the input of energy
conversion process. Then, energy consumption or primary energy can be calculated. The
greater the reduction in primary energy input, the more efficient the system becomes. In the
end, less energy consumption increases the resilience and reliability of environmental and
community benefits, saving money for future comfort and a healthier living environment.

1.3. Basic Hydrogen Properties and Hydrogen Pilot Projects
1.3.1. Basic Hydrogen Properties

Hydrogen used in energy systems is primarily in the form of dihydrogen gas (Hj). It
is a colorless, odorless, and non-toxic gas with a high energy content by weight—around
120 M] / kg for low heating value (LHV) and 142 M]/kg for high heating value (HHV) [16].
However, its volumetric energy density is significantly lower than other fuels, making its
storage and transportation challenging, especially for building-scale application [17].

To manage this, hydrogen can be stored as compressed gas, liquid hydrogen, or in
solid-state carriers. Compressed hydrogen at 700 bar has an energy density of 1.5 kWh/L,
while liquid hydrogen reaches up to 2.8 kWh/L, but at the cost of substantial energy
required for liquefaction [18].
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Hydrogen has a higher flame temperature, with a peak of 4000 °F (2204.4 °C), com-
pared to the flame temperature natural gas, which is about 3600 °F (1982.2 °C) [16]. Hy-
drogen also exhibits a wide flammability range (4-75% in air) and a low ignition energy,
requiring careful integration in buildings. Safety measures such as ventilation, leak detection,
and compliance with hydrogen-ready infrastructure standards are essential to mitigate risks.

The physical and energy-related characteristics of hydrogen relevant to system design
and efficiency in buildings are summarized in Table 1, adapted from Mazloomi and Gomes
(2012) [18].

Table 1. Basic properties of hydrogen, retrieved from K. Mazloomi, C. Gomes, 2012 [19].

Form Storage Gravimetric Volumetric Energy Typical Storage
Condition Energy Density Density Pressure
Compressed Gas Room temperature,
(CGH,) high pressure 120 MJ /kg 1.5-2.0 kWh/L 350-700 bar
Liquid Hydrogen Cyrigenic liquid at
(LH,) 953 °C 120 MJ /kg 2.8 kWh/L 1 atm
AtmosphericH, ~ /mbient temperature 120 MJ /kg 0.01 kWh/L 1atm
and pressure
Metal Hydrides Absorbed in solid 15-10 MJ/kg 1-1.5 kWh/L 10-1000 bar
material (varies)

Hydrogen is a highly promising energy carrier, owing to its remarkable gravimetric
energy density. However, its volumetric energy density is notably lower and varies signifi-
cantly depending on the method of storage. As illustrated in Table 2, the energy content
of hydrogen per unit mass far exceeds more than natural gas by three times, yet its lower
volumetric density at ambient pressure presents challenges for its storage, particularly in
building applications. However, the best way of transporting hydrogen in terms of energy
density is liquid hydrogen, while compression or liquefaction is needed [19]. Consequently,
hydrogen is most advantageous in applications where weight is a critical factor, such as in
transportation, or in scenarios where spatial constraints are less stringent, such as district
heating systems or seasonal energy storage.

Table 2. Energy density of hydrogen compared to the frequently used fuels. Retrieved from Mazloomi

and Gomes, 2012 [18].

Material Energy per kg Energy per Liter Energy per m®
ateria (MJ/kg) (kWh/kg) (MJ/L) (KWh/L) (kWh/Nm3)

Hydrogen (liquid) 143 33.3 10.1 2.8 2800
Hydrogen (compressed, 700 bar) 143 33.3 5.6 1.5 1500
Hydrogen (atm. pressure) 143 33.3 0.0107 0.003 3
Methane (atm. pressure) 55.6 10.6-13.1 0.0378 0.0105 10.6
Natural gas (liquid) 53.6 10.6-13.1 222 6.16 6160
Natural gas (compressed 250 bar) 53.6 10.6-13.1 9 2.5 2500
Natural gas (atm. pressure) 53.6 10.6-13.1 0.0364 0.0101 10.1

1.3.2. Hydrogen Pilot Projects

It is a debatable question whether hydrogen will be applied in buildings for power or
heating appliances. There are many current potential end-uses for hydrogen on a big scale.
Hydrogen is often used within the industry cluster as a feedstock for high-temperature
processes, shipping, and long-term energy storage for electricity production [20-22]. By
2050, it is projected that approximately 50% of global energy consumption will be supplied
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by electricity, reflecting a significant shift toward electrification [23]. In new-build neigh-
borhoods with highly insulated homes (low heat demand), all-electric solutions seem to be
the most logical solution, since an electric heat pump offers a very efficient form of heat
supply [24].

Hydrogen integration within the built environment may be effectively combined with
other renewable energy sources, such as solar photovoltaic systems and battery storage,
particularly for newly constructed dwellings where summer energy production can be
optimized. In contrast, existing building stock—especially in historic urban neighborhoods
with access to centralized infrastructure—presents opportunities for hydrogen incorpo-
ration into heating systems through grid-based solutions. In alignment with national
hydrogen strategies, government support has catalyzed research and technological devel-
opment in this domain. Numerous pilot projects have emerged, led by both academic and
industry actors, to explore the technical feasibility and system integration of hydrogen-based
energy solutions. These initiatives facilitate the identification of synergies between various
technologies and operational models. Table 3 presents a comparative overview of four hydro-
gen system configurations implemented at different spatial scales, ranging from individual
apartments to neighborhood-level applications. The four different systems are as follows:

1. HyNet UK

The HyNet project, as shown in Figure 1, is a pioneering large-scale initiative inte-
grating hydrogen. The HyNet project in the UK is considered one of the first large-scale
initiatives aiming to distribute hydrogen energy to urban and industrial clusters. The
HyNet project in the UK is considered one of the first large-scale initiatives that is aiming
to distribute hydrogen energy to urban and industrial clusters.

\\\\\\

8

Figure 1. HyNet infographic of pipeline distribution planning in the UK. Retrieved from Cadent,
HyNet. 2023,

The current hydrogen blend contained 10 ppm, and it would be possible to guarantee
that it is within the HSE guidance level. Assuming a blend level of 20% vol means that the
hydrogen contains up to 50 ppmv CO. This project will use a conservative limit of 50 ppmv.
However, the plan of distributing 100% hydrogen is still on the rise, since the project that
achieved 50 ppmv was promising and succeeded.
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2. Power-to-Gas Project Rozenburg Rotterdam, The Netherlands

The power-to-gas production chain consists of two technologies, namely: electrolysis
and methanation. Electrolysis refers to the conversion of electricity into hydrogen, whereas
methanation is the synthetic conversion of hydrogen and carbon dioxide into methane,
which is explained further in Figure 2.

0, Heat H>0 Heat

M—»ﬂ—b Methanation Grid injection
e

Figure 2. Power-to-gas production chain. Retrieved from DNV GL, Power-to-Gas project in Rozen-
burg, The Netherlands 2015 [25].

Methane is needed to mix with a small flow of carbon dioxide in order to comply with
the gas-quality parameters before it can be injected into the gas grid. In the gas grid, the
specified parameters of the gas composition must be measured continuously, in order to
prevent exceeding the maximum pressure in the pipes of the network.

The conversion of the electricity to hydrogen and oxygen was performed with an effi-
ciency of 47%. The energy efficiency of this methanation process was set at 73%. However,
it has been found that the energy balance of the entire system of a power-to-gas system
was very low, at only 35% [25].

3. Hy4Heat UK

Hy4Heat is a program that has been designed to assess whether hydrogen could
safely replace natural gas for heating and cooking in homes and small businesses. The
program was led by the Department of BEIS (Business, Energy, and Industrial Strategy)
and a collaboration between some companies in the UK, including Arup, Kiwa Gastec,
and Yo Energy. It is focused on several technical, safety, and public acceptance aspects of
using hydrogen in the existing gas infrastructure, including the development and testing of
hydrogen-ready appliances, such as boilers, cookers, and fires, as well as safety assessments
related to hydrogen use inside buildings.

One of the key outcomes was the demonstration that hydrogen appliances could be
made to perform similarly to their natural gas counterparts, and that safety risks could
be managed with appropriate modifications and standards. The program also produced
valuable data on the public perception of hydrogen, which showed cautious but growing
acceptance, especially when safety and environmental benefits were communicated clearly.

4. 24/7 Energy Lab, Green Village, TU Delft, The Netherlands

The 24/7 Energy Lab at TU Delft’s Green Village is an innovative pilot project aimed
at creating a fully autonomous CO;-free energy system in the built environment. The
system, as shown in Figure 3, integrates solar panels, batteries, and hydrogen technologies
to balance energy supply and demand throughout the year. During periods of excess solar
generation, electricity is stored in batteries for short-term use and converted into green
hydrogen via electrolysis for long-term storage. In times of low renewable generation
during winter, the stored hydrogen is reconverted into electricity using fuel cells, ensuring
a continuous energy supply.
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Table 3. Data collection for pilot projects of the existing hydrogen-use in buildings.

Hydrogen Distribution and Hydrogen Blend Hydrogen Grid Hydrogen Electricity
Pipelines (HyNet UK) (Rozenburg, Rotterdam) (Hy4Heat UK) (24/7 Green Village)
Ref. [26] [25] [27] [28]
Hydrogen Solar Generator and Wind .
EnergySource (Green Hydrogen) Methane (Grey Hydrogen) Not defined Green Hydrogen
L o Hydrogen Pipelines Distribution —
Desalination Seawater — Power . . Hydrogen pipelines

Design System Plant (Electrolyzer) — Pipelines Electricity Supply — Electrolysis — distribution — Hydrogen boilers — Electrolyser — Compressor —

Methanation — Gas grid Injection

Hydrogen Storage — Fuel Cell —

Distribution Hydrogen appliances — Heating Battery — Households
E?fifi}rllglonversmn Not Defined 35% (Total System Efficiency) 90-95% (boiler efficiency) 60% (fuel cell efficiency)
e . S . . Independent housings or
Suitability Cluster and City Apartment and old grid pipelines Deprived neighborhoods neighborhoods
- Highly scalable for long term
. . o energy storage to meet the
- Eow cos}i an(]:lo hlllgl‘}lle(fiﬁaency - Ear;l use the olcé plpel.inebs1 ol - High efficiency of energy seasonal balance
- ové carbon bulk hydrogen - yhrogen ca? e easi y blende production - Hydrogen is used only when it is
Advantages production o to the I.latura gas unless not - Hydrogen can be easily blended needed
- Safeguards for existing exceeding the hydrogen to the natural gas - Using electricity to power the
industry percentage limit house
- Has a year of complete
independent energy source
- Alarge energy loss during the _
. . production process ]sDuepeln dent on the hydrogen ) ng.h costs for hydrogen
- Suitable for a big cluster - Releasing carbon emission of 5 PP yd conth . . equipment
Disadvantages - Dependent on hydrogen methanation - ependent on the price range of - Long process to produce energy
supply hydrogen, since hydrogen is - A system scheme should have

- Long production process which
caused less efficiency
- Risk of methanation is higher

supplied from the central (in
this case are private companies)

been further simplified
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Household energy 2.200 kWh/year
consumption

@ Household

£
2

6 kWp

power capacity ~5400 kWh
Annual production

Electrolyser (Enapter) [PRXXVA(NTIT)
power and capacity 1kg H2 / 24hrs =

a5
&
2
2
L

57.6 kWh
<«—> Compressor (HyEt) 600 W (input)
u power and capacity 2 kg H2/ 24hrs
Fuel cell (Nedstack) 2.3 kW (el)
Water tank Grid Power 13.3 kWh/kg H2
2.5 kW (th)

14.5 kWh/kg H2

*rs [E"o E 4+ — Electricity LR R 60 kg
ATTTITIT™ *
- i — (= ' Capacity, volume, 2700L (54 * 50 L)

= Hydrogen
maximum pressure 300 bar

—— Heat
Lithium battery 15 kWh

Electrolyser  Compressor  Hydrogen Fuel cell Battery —— Water Capacity and power 5 kw

storage

Figure 3. Hydrogen energy system in a 24/7 energy lab. Retrieved from Green Village documentary
(interviewed with Lidewij van Trigt).

This system shows the feasibility of year-round energy independence and serves as a
testbed for the technical, economic, and social aspects of decentralized renewable energy
solutions in the built environment.

2. Materials and Methods
2.1. Materials Development

The data are gathered and four different systems were collected. This was narrowed
down to two hydrogen systems: microgrid hydrogen boilers and hydrogen fuel cells. Then,
this was later expanded to include other alternative systems in order to conduct more
research. Although hydrogen offers promising advantages in terms of its emissions, there
are other two additional energy systems that are frequently used compared to the hydrogen
energy system: heat pumps and natural gas, which are widely utilized in the market.
Table 4 presents an overview of key data points that are considered for the development of
energy systems.

Table 4. Design formulation of energy systems alternatives derived from the pilot projects.

Pilot Projects Appliances System Scale Name of the System
Basic energy system (Base case) Natural gas boiler system
Frequently used alternative All-electric heat pump
system
PurifHy Projects Methanation
y I'1o) ( ) Hydrogen blend Apartment Natural gas and hydrogen
(Rozenburg, Rotterdam) Power-to-Gas blended system
HyNet UK Boilers City or i i
y : Hydrogen grid . y Mlcrogrld hydrogen
Hy4Heat UK Boilers Neighborhood boiler system
24/7 Energy Lab Fuel cell + Heat Hydrogen hybrid Building Hybrid hydrogen heat
pump pump system

Cogeneration hydrogen fuel cell system;
to understand the basic fuel cell production system without any intervention with other
heating system (waste-heat deployment)

Cogeneration hydrogen
fuel cell system

2.2. Case Study and Building Typology

The neighborhood is conveniently located at Ashbourne Grove, west of Central Forest
Park, Stoke-on-Trent, in the United Kingdom, as shown in a Figure 4. This area was
considered a yellow belt neighborhood with high heating demand, resulting in elevated
levels of carbon emissions of approximately 49 kg CO, [29].
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Figure 4. Location of the case study site in Hanley, Stoke-on-Trent, United Kingdom. The red marks
indicates the selected housings were analyzed. Source: maps.google.com.

With strong ambitions to implement the UK Hydrogen Strategy, Stoke-on-Trent City
Council and private sector stakeholders are working together to achieve the goal of a
hydrogen economy. The United Kingdom is one of 30 countries and regions to include
hydrogen in its government’s decarbonization plans. According to the UK government
analysis, 20-35% of the UK’s energy consumption will be hydrogen-based by 2050. Further
support from the UK government contributes to various hydrogen projects, including the
GBP 240 million Net Zero Hydrogen Fund, with Stoke-on-Trent involved to develop pilot
projects within the city area.

Hanley is selected for this case study due to its parameters as one of the neighborhoods
requiring advanced development to reduce heating demand. Several case studies were
conducted on different housing typologies in the UK. Parameters for a set of typical
buildings in the United Kingdom used to represent wider housing stock in Hanley, Stoke-
on-Trent, were derived from the comprehensive TABULA database, last updated in 2014.
The dataset from Tabula was compiled through a combination of household interviews and
inspections carried out by surveyors, ensuring an accurate representation of the surveyed
properties. Then, five distinct typical buildings with varying building ages and construction
materials were identified. With these data, the selection was narrowed down to a total of
25 houses within a single block in the structured region.

The location depicted in Figure 5 serves as a foundational reference point of dwelling
characteristics in the United Kingdom. TABULA data are utilized to encompass crucial
information on the dwellings’ age and material conditions, insulation types, and heating
devices. Subsequently, this data were processed to models, calculating the energy demands
for each dwelling in order to determine energy consumption patterns for space heating,
domestic hot water, and electricity usage.

The energy efficient characteristics of these building typologies are defined in relation
to examples of unmodernized properties in the UK, i.e., those that have not undergone any
renovations since the year of their initial construction. Light renovations, often entailing
insulation improvements, were carried out in most English houses by 2012, although some
dwellings still lack comprehensive insulation. Therefore, renovation recommendations,
both light and ambitious ones, can be a valuable tool for estimating the potential for
improved energy performance after appropriate restorations.
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Figure 5. Building typology classification in the neighborhood, retrieved from maps.google.com. The
letters in the figures are explained on the Table 5.

Table 5. Building typologies employed in the research within the Stoke-on-Trent and TABULA database.

Building Models in Real-life (Stoke-on-Trent)

Type A B C D E
Built year 1945-1964 1965-1980 1981-1990 1965-1980 1945-1964
Occupants 4 people 4 people 5 people 4 people 3 people
Total Floor 2 floors 1 floors 2 floors 2 floors 1 floors
Total unit 10 units 3 units 6 units 3 units 3 units

Window area 26.9 m? 6.7 m> 9.0 m? 22.4 m? 9.0 m?
Total house 25 houses | 1 block

The thermal performance mentioned in the building elements is based upon the age of
the dwellings. This reflects unimproved and inefficient systems in relatively unmodernized
dwellings, as shown in Table 5, assuming that the oldest versions are on the verge of being
replaced by more efficient systems in both light and ambitious renovations, taking into
account condensing boilers in the heating system.
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2.3. Renovation Recommendation

To decrease the energy demand of the buildings, combinations of measures are used
for the renovation scenarios, which include improving the insulation by using low U-
values in the building components. As mentioned earlier, although light renovations were
predicted to occur in 2012 and beyond, it is possible that not all houses have undergone
complete renovations. On the other hand, ambitious renovations are expected to play a
crucial role in the future scenario of highly energy-efficient buildings from now to 2030.

In the light renovation scenario, insulation is added to the walls and roof of the
dwellings. Meanwhile, the modification of the window frames and glazing is part of
the ambitious renovation scenario. Recommendations for possible renovations for each
building type and improvements of each material can be seen in Table 6.

Table 6. Improved U-values of building materials under light and ambitious renovation scenarios.

Refurbishment Type A Type B Type C Type D Type E
Measure Insulation = U-Value  Insulation U-Value Insulation U-Value Insulation U-Value Insulation U-Value
Light Renovation (W/m? K)

Window change Yes 2.2 No 4.8 No 3.1 No 3.1 No 2.2
Wall insulation Yes 0.6 Yes 0.6 Yes 0.6 Yes 0.6 Yes 0.6
Roof insulation Yes 0.13 Yes 0.13 No 0.4 Yes 0.13 Yes 0.13
Floor insulation No 0.59 No 0.72 No 0.5 No 0.59 Yes 0.72
Ambitious Renovation (W/m? K)

Window change Yes 1.6 Yes 1.6 Yes 1.6 Yes 1.6 Yes 1.6
Wall insulation No 0.6 No 0.6 No 0.6 No 0.6 No 0.6
Roof insulation No 0.13 No 0.13 No 0.13 No 0.13 No 0.13
Floor insulation No 0.59 No 0.59 No 0.59 No 0.59 No 0.72

2.4. Energy Demand Modeling

In this study, the energy consumption is simulated for space heating demand, electric-
ity use, and domestic hot water (DHW) demand. DHW is calculated based on the number
of occupants in each building, which does not have any influence on different renovations,
using a fixed water usage assumption per person. The results were cross verified with
TABULA reference data to ensure realistic estimations.

This study adopted a specific approach involving energy demand modeling to achieve
a full comprehension of the cumulative energy used within the observed neighborhood. To
obtain a precise estimation of energy consumption, it is essential to conduct a comparative
analysis of various existing energy systems. Furthermore, the adjustment for weather
data in the UK is highly needed for energy demand modeling computations as the United
Kingdom has notable climate variations throughout the annual cycle. Therefore, this aspect
becomes critical for the accurate determination of the building climate used for the calcula-
tion of each hour of energy simulation. Based on the UK’s hourly static energy balance, and
by employing the model obtained from the Climate Design Course, each recommendation
provides a different value depending on the level of renovation. Significant differences
may stand out in several key parameters, such as total square meter per area, U-values of
each material construction, Air Changes per Hour (ACH) rate, heat recovery efficiency, and
solar gain from window facades. Total energy for domestic hot water is generated based on
the total number of occupants in one house, which typically differs for each house. Table 7
shows the input parameters of the ambitious renovation in every building type and their
respective values. These inputs are based on the upgraded insulation values discussed
in previous chapter. It is crucial to note that the values vary from one renovation case to
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another, depending on the level of renovation. For instance, regarding the Air Changes per
Hour (ACH) rate, the Base Case for English dwellings has 0.8 exchanges per hour, while the
ACH rates for light and ambitious renovation scenarios have 0.7 exchanges per hour and
0.5 exchanges per hour, respectively. According to ASHRAE 62.2, a minimum ventilation
rate of 0.35-0.5 exchanges per hour is recommended for residential buildings in order to
ensure acceptable indoor air quality [30].

Table 7. Input parameters for energy demand modeling in the context of an ambitious renovation.

Building Input Parameters Type A Type B Type C Type D Type E
Dimension

Width 6m 6m 7.5 m 6m 8m
Length 9.5m 9m 8m 10 m 12m
Floor height 3m 3m 3m 3m 3m
Total floors 2 1 2 2 1

Total facade area (incl. glass) North 33.6 m? 25.2 m?2 42 m? 33.6 m2 33.6 m?
Total facade area (incl. glass) East 67.2 m? 16.8 m?2 22.4 m? 56 m? 22.4 m?
Total facade area (incl. glass) South 33.6 m? 25.2 m? 21.0 m? 33.6 m? 33.6 m?
Total facade area (incl. glass) West 67.2 m? 16.8 m?2 22.40 m?2 56 m? 22.4 m?
Total roof area (incl. glass) 72 m? 54 m?2 60 m?2 60 m? 96 m?
Total ground floor area 72 m? 54 m? 60 m? 60 m? 96 m?
Total floor surface area 114 m?2 54 m? 120 m? 120 m? 96 m?
Transmissions

Rec window 0.45 m? K/W 045m?K/W  045m?K/W  045m?K/W  045m? K/W
Rc facade walls 149 m? K/W 149m?K/W  149m?’K/W  149m?K/W  149m? K/W
Rc roof 7.52m? K/W 752m>K/W  233m?’K/W  752m?K/W  7.52m? K/W
Rc floor 1.52m? K/W 122m?K/W  1.83m2K/W  152m?’K/W  1.22m? K/W
U-value window 1.6 W/m? K 1.6 W/m? K 1.6 W/m? K 1.6 W/m? K 1.6 W/m? K
U-value facade wall 0.6 W/m?2K 0.6 W/m? K 0.6 W/m?2K 0.6 W/m? K 0.6 W/m? K
U-value roof 0.13W/m? K 0.13W/m? K 04W/m?K 0.13W/m?K 013 W/m?K
U-value floor 0.59 W/m? K 0.72W/m? K 0.5 W/m?K 059 W/m?K  072W/m? K
Infiltration

Air Change Hour (ACH) 0.50/h 0.50/h 0.50/h 0.50/h 0.50/h
Flow rate infiltration 171 m3/h 81 m>/h 81 m3/h 168 m3/h 1344 m3®/h
Ventilation

Heat Recovery Efficiency 0.9 0.9 0.9 0.9 0.9
Ventilation Flow Rate per person 25m3/h/person  25m3/h/person  25m3/h/person  25m>/h/person 25 m3/h/person
Total Surface of Windows

Window area (East) 20.16 m? 5.04 m? 6.72 m2 16.8 m? 6.72 m?2
Window area (West) 6.72 m? 1.68 m?2 2.24 m? 5.6 m?2 2.24 m?
Internal heat gain

Heat gain per person 117 W/person 117 W/person 117 W/person 117 W/person 117 W/person
Light power per square meter 3W/m? 3 W/m?2 3 W/m?2 3 W/m? 3 W/m?2
Appliances per power per m2 3 W/m? 3 W/m? 3 W/m? 3W/m?2 3 W/m?
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As mentioned previously, the calculation of energy demand modeling was performed
by utilizing a building model in Excel, with data collected on an hourly basis for a period
of 8760 h a year. This hourly data were then added up yearly to obtain the energy demand
per year. However, this modeling does not consider the dynamic effects of building mass
and the dynamic control per hour, including controls for the cases of summer or winter.
Table 8 shows one of the calculation profiles of how the energy demand is observed, along
with the explanation of the calculations.

Table 8. Heating demand modeling profile for hour 10 in a Type A dwelling.

Description Formula Values
Transmission Qtransmission = L U-A-AT 2323.7 Wh
Infiltration Qiniltration = P-Cp N 5a55- AT 829.9 Wh
Ventilation Quentilation= (1 — 1) Myent- Cp-AT 41.2 Wh
Solar Gain Qsolar= & “Awindow *Esunload 229.8 Wh
Internal Gain Qinternal = Qint,people + Qint,hghting + Qint, appliance 1332.0 Wh
Total Heat Demand QO - Qtransmission + Qventilation + Qinfiltration B Qsolar - Qinternal 1633.0 Wh
The results of energy demand calculations for the five typical buildings are presented
in Table 9 containing specific data from three cases, namely: non-renovation (Base Case),
light renovation, and ambitious renovation. Each case has three energy demand calculations
for space heating, domestic hot water, and electricity. In this regard, the amount of space
heating demand varies depending on the levels of insulation, whereas that of domestic
hot water shows a consistent pattern across different renovation cases, depending on the
number of occupants in the buildings. Meanwhile, the electricity demand has similar
outcomes across different levels because the calculation model does not clearly specify
which appliances are used in each dwelling. Then, to verify the accuracy of the modeling
outcomes, the final values were cross-referenced with the data presented in the Tabula
database. However, due to its limited data provision, only the values of space heating
demand are available in this database. Therefore, only this comparison can be used to
validate the data.
Table 9. Energy demand calculations for five representative dwellings in the Hanley neighborhood.
Square Total A (Base Case) B (Light Renovation) C (Ambitious Renovation)
?I/:;t)er Houses TABULA Calculation/Modeling TABULA Calculation/Modeling TABULA Calculation/Modeling
Space Space Space Space Space Space
heat- heat- DHW  Electricity heat- heat- DHW  Electricity heat- heat- DHW  Electricity
ing ing (kWh) (kWh) ing ing (kWh) (kWh) ing ing (kWh) (kWh)
(kWh)  (kWh) (kWh)  (kWh) (kWh)  (kWh)
A 10 40,493 41,687 8490 3781 15,538 13,412 8490 3781 13,810 10,642 8490 3781
(144 m?) kWh kWh kWh  kWh kWh kWh kWh  kWh kWh kWh kWh  kWh
B 3 12,312 17,791 6792 1418 7479 7450 6792 1418 5060 4736 6792 1418
(54 m?) kWh kWh kWh  kWh kWh kWh kWh  kWh kWh kWh kWh  kWh
C 6 ) 23,557 8790 3151 12,432 15,052 8490 3151 9948 6792 8490 3151
(120 m?) kWh kWh  kWh kWh kWh kWh  kWh kWh kWh kWh  kWh
D 24,941 29,609 6792 3150 13,740 12,596 6792 2521 11,280 9275 6792 3150
(120 m2) 3 kWh kWh kWh  kWh kWh kWh kWh  kWh kWh kWh kWh  kWh
E 3 24,941 35,261 5094 2521 9888 10,572 5094 2521 8832 8954 5094 2521
(96 m?) kWh kWh kWh  kWh kWh kWh kWh  kWh kWh kWh kWh  kWh

From the data validation above, the similarity between the values from the modeling

and the Tabula database is less than 30%, indicating that the calculations can be processed

further. A total of 25 houses within the five typical buildings were examined in this
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study. The representative data of these 25 houses were further used in each energy system
scenario by comparing three different criteria, i.e., energy consumption, cost effectiveness,
and carbon emissions. The collective data are shown in the next graph in Figure 6.

Energy Demand of Five Building Stocks in Stoke On Trent

500
Space Heating Demand

B Domestic Hot Water Demand
450 W Electricity Demand

400

350

300
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~ 200
g
~
5
é 150
100
) III IIIIIIIII
Base Case Light Ambitious BaseCase Light Ambitious Base Case Light Ambitious BaseCase Light Ambitious Base Case Light Ambitious
Renov Renov Renov Renov Renov Renov Renov Renov Renov Renov
A B C D E
Building Year 1945-1964 1965-1980 1981-1990 1965-1980 1945-1964
Total Area 144 m? 54 m? 120 m? 120 m? 96 m?
Inhabitants 4 people 4 people 5 people 4 people 3 people
Total Houses 10 houses 3 houses 6 houses 3 houses 3 houses

2 , ; s . .
(kWh/m?) Base Light Ambitious Base Light Ambitious Base Light Ambitious Base Light Ambitious  Base Light Ambitious
Case Renov Renov Case Renov  Renov Case Renov  Renov Case Renov  Renov Case Renov Renov

Electricity Demand 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26
DHWDemand 59 59 59 126 126 126 71 71 71 57 57 57 53 53 53
Space HeatingDemand 289 93 74 329 138 89 196 125 54 247 105 77 367 110 93
TOTAL 375 178 159 482 290 240 293 222 151 330 1838 160 447 189 173

Figure 6. Total heating demand for five dwellings in Stoke-on-Trent’s building stock across three
different levels of renovation with different surfaces.

The energy demand for domestic hot water varies upon the total number of occupants
per house; as the number of individuals residing in one house increases, it is anticipated
that there will be a corresponding increase in the energy demand for domestic hot water.
Meanwhile, electricity demand is not the main focus of this study because there is no
detailed data regarding specific equipment or appliances used in the given scenario. Overall,
there is a significant increase in energy demand from the Base Case scenarios to the
completion of the renovation process, both light and ambitious renovations, with the total
values for ambitious renovation scenarios on the five typical houses ranging from 150 to
200 kWh per square meter.
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2.5. Hydrogen Production System

In this research, the hydrogen used in building energy scenarios is assumed to be green
hydrogen powered by solar photovoltaic (PV) system produced via electrolysis. This approach
is selected to align with the study’s focus on decarbonized, localized energy systems.

Hydrogen is generated using a Proton Exchange Membrane (PEM) electrolyzer, with
a production capacity of up to 30 Nm?/h. The hydrogen is subsequently compressed to
a storage pressure of 350 bar. Assuming an efficiency of 70% for both the electrolyzer
and the compressor, the hydrogen is stored in pressurized tanks. It is then utilized in
each scenario, including for space heating with hydrogen boilers operating at up to 95%
efficiency, blending the hydrogen with natural gas at a maximum content of 30%, and as a
fuel for a cogeneration fuel cell system.

3. Results
Energy Efficiency Comparison

The development of energy performance in the building sector should proceed in
parallel with energy production and energy consumption, primarily due to the constraints
imposed by the finite nature of the energy resources [31]. Numerous studies have been
conducted to investigate the holistic energy consumption in buildings. Therefore, this
practical assessment aims to compare the energy efficiency for various scenarios of building
energy systems.

Energy performance refers to the effectiveness of the energy system converting its
primary energy source into energy output such as electricity, heat, or cooling; the more
energy consumed in the conversion process to the output, the lower the system performance.
A system with good energy performance will efficiently convert its primary energy source
into valuable and useful energy outputs, resulting in lower energy losses and waste.

Accurate estimation of energy consumption in a building is a vital strategy for reduc-
ing energy demand and improving energy efficiency, which plays an important role in
controlling energy usage as well as reducing costs and maintaining a comfortable environ-
ment in the buildings [32]. The energy in each scenario is produced locally by solar power.
Table 10 presents the total values of energy demand in one block comprising 25 dwellings.

Table 10. Annual energy demand in one block of 25 dwellings in the neighborhood.

Annual Energy Demand for

One Block (25 Houses) Base Case Light Renov Ambitious Renov
Space heating demand 806.19 MWh 316.28 MWh 214.25 MWh
Domestic hot water demand 191.88 MWh 191.88 MWh 191.88 MWh
Electricity demand 77.98 MWh 77.98 MWh 77.98 MWh

Total energy demand 1075.05 MWh 586.14 MWh 484.11 MWh

Scenario 1. Natural Gas Grid Heating System.
Electricity Source: Photovoltaic on rooftop, electricity grid (support)
Heat Source: Natural gas with gas boiler

e  Space Heating: Gas boiler
e  Domestic Hot Water: Gas boiler

Electrical Storage: Batteries

The system is designed to use natural gas supplied through the grid as its main energy
input. The photovoltaic rooftop system generates electricity from sunlight and stores it in
batteries. The natural gas boiler provides a reliable source of heat, employing an individual
condensing combi boiler in each house for both uses of domestic hot water and space
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heating. Typically, up to 40 to 60 degrees Celsius is utilized for room heating, while higher
temperature water, reaching to 60 degrees Celsius, is circulated for hot water needs. Natural
gas is supplied to the boiler through pipelines from suppliers; the boiler ignites the natural
gas, which heats a heat exchanger. Water circulates through the heat exchanger and is
heated by the combustion of the natural gas. Then, the heated water is distributed to the
home through pipeline systems.

As shown in Figure 7, the primary focus in this scenario is the utilization of a boiler
system fueled by natural gas. In this method, the efficiency of the boiler is the main factor
that influences the overall efficiency of the domestic energy system. The heating system
operates within a temperature range of 40 to 60 degrees Celsius and caters to domestic
hot water demand as it approaches 60 degrees Celsius. To respond to the temperature
setpoint, a condensing ‘combi boiler” is employed, which effectively provides energy for
both domestic hot water and space heating in one controlled unit. The thermostatic radiator

Natural Gas Grid

valves, managed by controllers, optimize start/stop during the cycles.

PV Rooftop

-> DHW
\ 60
Electricity Grid
(support)
PV rooftop

Individual

Boiler \

e

PV rooftop

Natural
Gas Grid

Breaker Inverter

Electricity Grid

Appliances

Figure 7. An illustration of the energy system design in Scenario 1: natural gas grid system (Author
illustration).

Conventional boilers account for approximately 85% of energy consumption and
contribute to 67% of CO, emissions. While energy efficiency of outdated gas-fired boiler
systems is estimated at 85% [33,34], condensing boilers can increase this efficiency by about
10%. This model incorporates two heat exchangers, which efficiently capture and recycle
heat from exhaust gases before release [33]. Consequently, condensing boilers achieve a
thermal efficiency of 95% when utilized for space heating within the temperature range
of 40 to 60 degrees Celsius. However, this efficiency decreases slightly to 85% when a
higher temperature of 60 degrees Celsius is required. In addition, the technology in this
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system also results in a 5% reduction in energy loss due to grid transmission. The energy
performance of this system can be determined by considering the overall energy demand,
as presented in Table 11, which also presents a comprehensive overview of the calculations
performed within the system.

Table 11. The estimation of energy consumption for Scenario 1: natural gas grid system. Light
renovation is highlighted to link the data reference on the Figure 8.

Energy Consumption Unit Base Case Light Renov Ambitious Renov
Space heating demand MWh 806.19 316.28 214.25
Efficiency (40-60 °C) of boiler % 95 95 95
Energy consumption for boiler MWh 848.82 332.93 225.53
Efficiency of grid transmission Y% 95 95 95
Total natural gas for space heating MWh 893.29 350.45 237.40
Domestic Hot Water (DHW) demand MWh 191.88 191.88 191.88
Efficiency (>60 °C) of boiler n Yo 85 85 85
Energy consumption for boiler MWh 225.74 225.74 225.74
Efficiency grid transmission Y% 95 95 95
Total natural gas for DHW MWh 237.62 237.62 237.62
Electricity demand for appliances MWh 77.98 77.98 77.98
Efficiency of local grid transmission Y% 95 95 95
Energy consumption for grid transmission MWh 82.08 82.08 82.08
Efficiency of DC/AC conversion % 95 95 95
Total electricity (PV rooftop) for appliances MWh 86.40 86.40 86.40

Total natural gas consumption

(space heating + DHW)

MWh 893.29 +237.62 350.45 + 237.62  237.40 + 237.62
MWh 1130.91 588.07 475.02

In the system shown in Figure 8, approximately 588 MWh of natural gas is consumed
to heat 25 dwellings with a total energy demand of around 508 MWh for both space heating
and domestic hot water. Therefore, the total efficiency during system operation is calculated
to reach 86.4%, with heat loss contributing to this percentage. The efficiency of gas boilers
plays a significant role in overall system efficiency, underscoring the importance of having
high-performance boilers. Furthermore, other factors such as heat loss during distribution
and the quality of the insulation may also have an impact on the efficiency of the overall
system. Thus, the commendable 85% efficiency signifies that the system is working well.

Natural Gas

DC/AC Conversion Transmission Solar Panel
Electricity
‘ m 86 MWh solar rooftop | | (95 %) 82 MWh electricity | (95 %) 78 MWh Domestic electricity needs Heating
o~ Combi
o 332.9 MWh Space Heating Boiler 316 MWh Space Heating
= (95 %)
"s 2 558.7 MWh
€ 588 MWh Natural Gas Kl Heating Consumption :
£ Combi
é 225.5 MWh Domestic Hot Water Boiler 192 MWh Domestic Hot Water
(85 %) S s 1
cenario

Waste Heat | Waste Heat ‘|, Natural Gas Grid System

Figure 8. Energy consumption diagram of Scenario 1: natural gas grid system, utilizing light
renovation (graphic illustrated by author).

In this system, the crucial role of well-insulated houses in optimizing the performance
of a heat pump system becomes apparent. The Base Case scenario highlights the inappli-
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cability of this system due to the absence of proper insulation. Insulation is pivotal for
efficient building operations, ensuring consistent indoor temperatures, and ultimately re-
ducing energy consumption. For this reason, this system achieves its optimal performance
in dwellings with medium to high insulation levels. Table 11 provides a comprehensive
overview of the calculations within this system.

Figure 8 presents a diagram illustrating the energy consumption and heat output of
the natural gas grid system in a light renovation scenario, which offers an intriguing case
for the analysis. This analysis takes into account yearly usage, regardless of weather, by
utilizing photovoltaic technology to power various appliances. Additionally, the electrical
grid serves as a supplementary power source during periods of insufficient solar yield,
with a capacity considered sufficient to meet the energy consumption of 86 MWh annually.
However, specific details regarding system coverage during winter or summer are not
clearly delineated, causing the seasonal storage in this scenario to not yet be applied. In
winter, the electrical grid continues to act as a significant contingency plan, with great
potential for backup power supplies, including batteries.

Despite incorporating PV for electrical appliances, this system relies entirely on natural
gas for both space heating and domestic hot water (DHW). Natural gas combustion emits
approximately 0.184 kg CO, per kWh of energy used [35]. Therefore, total natural gas use
for scenario (Base Case) 1130.91 MWh, with estimated emissions: 1130.91 x 1000 x 0.184 =
208,086 kg CO, = 208.1 tonnes CO,/year. This makes Scenario 1 the highest-emitting
configuration, contributing significantly to carbon emissions despite modest gains in
efficiency through condensing boilers.

Scenario 2. All Electric Heat Pump System

In this system, the neighborhood is operating a centralized energy system, accommodating
appliances such as the following:

Electricity Source: Photovoltaic rooftop and electricity grid (support)

Heating Source: Electricity from PV central (through heat pump central + booster (additional)

e  Space Heating: Heat pump
o  Domestic Hot Water: Heat pump

Electrical Storage: Batteries

In this scenario, as shown in Figure 9, the neighborhood relies entirely on its electrical
application. An air source heat pump is utilized in the neighborhood to provide heating
and cooling. The selection of an air-based heat pump has been encouraged by its lower
energy consumption in comparison with ground-based heat pumps. Air source heat pumps
are more frequently used and easier to install, generally cost effective, and have lower
operational costs than ground source heat pump systems. In this system, a centralized heat
pump is applied, as it is more efficient and costs less whether in operational or in capital
costs. Moreover, the community sense of the area is visible regarding its maintenance and
operation in the community.

The production of domestic hot water is facilitated by heat pumps, which may be
supplemented by an additional booster in cases where the desired temperature cannot be
achieved. The system also incorporates batteries, which offer an advantage in terms of
electricity storage when buildings experience power depletion.

Furthermore, in this system, the crucial role of well-insulated houses in optimizing the
performance of a heat pump system becomes apparent. The Base Case scenario highlights
the inapplicability of this system due to the absence of proper insulation. Insulation is
pivotal for efficient building operations, ensuring consistent indoor temperatures, and
ultimately reducing energy consumption. For this reason, this system achieves its optimal
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performance in dwellings with medium to high insulation levels. Table 12 provides a
comprehensive overview of the calculations within this system.
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Figure 9. An illustration of the energy system design in Scenario 2: all electric heat pump system
(Author illustration).

It is evident that an outstanding level of energy efficiency can be achieved with this
system. As a result, a substantially lower energy source is achieved with the same level
of energy demand. The energy consumption in this scenario is only one fourth of the
energy demand. As clearly illustrated in Table 12, only 135 MWh of electricity is needed to
meet the total heating demand of 508 MWh in the light renovation scenario. Compared
to the natural gas grid system in the previous scenario that produces an energy source of
588 MWh, it becomes apparent that this system can achieve approximately five times more
energy efficiency with a system efficiency of more than 350%, demonstrating its remarkable
potential for resource conservation.

Furthermore, energy production is distinguished based on its usage. The electricity
generated by individual PV rooftops is utilized to cover the electricity demand for ap-
pliances. As for the heating system, the electricity produced by the central PV is used
to operate the centralized heat pump system, which not only serves multiple building
units to facilitate large-scale development but also provides easy access and scalability of
transitioning into local renewable energy sources. This eventually leads to more stream-
lined maintenance and more affordable service costs. In addition, synergy between the
centralized energy production and the central PV can enhance the independence of the
electrical grid. However, it should be noted that additional investment costs for discrete PV
production may be incurred due to the need for more equipment and installations. The
complete scenario is shown in Figure 10.
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Figure 10. Energy consumption diagram of Scenario 2: all-electric heat pump system, utilizing
ambitious renovation (graphic illustrated by author).

Table 12. The estimation of energy consumption for Scenario 2: all electric heat pump system.
Ambitious renovation is highlighted to link the data reference on the Figure 10.

Energy Consumption Unit Base Case Light Renov Ambitious Renov
Space heating demand MWh - 316.28 214.25
Efficiency (40-60 °C) of heat pump % - 430 430

Energy consumption for heat pump MWh - 73.55 49.83
Efficiency of grid transmission Y% - 95 95

Total natural gas for space heating MWh - 77.42 52.45
Domestic Hot Water (DHW) demand MWh - 191.88 191.88
Efficiency (>60 °C) of heat pump Y% - 350 350

Energy consumption for heat pump MWh - 54.82 54.82
Efficiency grid transmission Y% - 95 95

Total natural gas for DHW MWh - 57.70 57.70
Electricity demand for appliances MWh - 77.98 77.98
Efficiency of DC/AC conversion % - 95 95

Energy consumption for grid transmission MWh - 82.08 82.08
Efficiency of local grid transmission Y% - 95 95

Total electricity (PV rooftop) for appliances MWh - 86.40 86.40

Total electricity (PV central) for heating ﬁ‘%ﬁ i 17 37)5%32 57.70 ir) %04%-; 57.70

This system operates entirely on electricity, which is assumed to be sourced from
local PV systems. Given the high efficiency of heat pumps (COP = 4.3), the actual energy
input required is relatively low. Total electricity use (Light Renovation): 135.13 MWh.
If sourced entirely from PV, then net zero carbon emission is achieved. However, if it
is partially connected to the grid, when the grid is not totally green sourced, it will be
135.13 x 1000 x 0.233 = 31.5 tonnes CO,. Where 0.233 kg CO, per kWh is the number
where the grid emission is counted [35]. Under full PV coverage, Scenario 2 achieves zero
emissions during operation, representing the cleanest non-hydrogen option in this study.

Scenario 3. Natural Gas and hydrogen blended System
Electricity source: Photovoltaic, electricity grid (support)
Heating source: Hydrogen gas 30% and natural gas 70% (blended)

e  Space heating: Regular boiler
e  Domestic hot water: Regular boiler

Electrical Storage: Batteries
Energy Storage: Local hydrogen storage
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This proposed alternative, as illustrated in Figure 11, involves the combination of
two energy sources: natural gas comprising 70% and hydrogen comprising 30%. This
particular blend does not differ significantly from other common variants. The proposed
approach involves the blending of hydrogen natural gas within the existing pipes located
in the surrounding area where the production of hydrogen in the area is significantly
supplied or initially supplied within the neighborhood. Green solar-powered hydrogen
utilizing photovoltaics and batteries within a centralized system is implemented within the
production of green hydrogen. However, the energy efficiency of this system does not differ
significantly from the first scenario, where a conventional boiler is employed in a system
that uses 100% natural gas. In addition, it is essential to note that the incorporation of
additional appliances in the hydrogen production process necessitates greater investment
and electricity expenditure.
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Figure 11. An illustration of energy system design in Scenario 3: natural gas and hydrogen blended system.

This proposed alternative, involves the combination of two energy sources: 70%
natural gas and 30% hydrogen. Table 13 provides a comprehensive analysis of total
resources is needed in the system.

Despite the additional costs, the significant reduction in carbon emissions is a note-
worthy advantage achieved through the utilization of 30% hydrogen blended into the
natural gas system. Figure 12 presents a comprehensive illustration of this system and
reveals that approximately 508 MWh of heating demand consumes about 666.14 MWh
of energy, with 411 MWh generated from natural gas and 254 MWh hydrogen from local
photovoltaics. This indicates that even though 30% of the energy is covered by hydrogen, a
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significant amount of energy is still needed, most likely due to the energy-intensive process

of electrolysis and other processes in hydrogen production.

Table 13. The estimation of energy consumption for Scenario 3: natural gas and hydrogen blended

system. Light renovation is highlighted to link the data reference on the Figure 12.

Energy Consumption Unit Base Case Light Renov Ambitious Renov
Space heating demand MWh  806.19 316.28 214.25
Efficiency (40-60 °C) of boiler % 95 430 430
Energy consumption for boiler MWh  848.62 73.55 49.83
Efficiency of grid transmission Y% 95 95 95
Heating demand for 70% natural gas MWh  594.03 233.05 157.86
Efficiency of grid transmission % 95 95 95
Total natural gas for space heating MWh  625.30 245.32 166.17
Heating demand for 30% hydrogen MWh  254.59 99.88 67.66
Efficiency of Hydrogen storage % 99 99 99
Energy consumption for hydrogen storage MWh  257.15 100.89 68.34
Efficiency of (electrolyser + compressor) ** Y% 70 70 70
Energy consumption (electrolyser + compressor) MWh  367.37 144.12 97.63
Efficiency of DC/DC conversion % 95 95 95

PV Central to produce hydrogen (DHW) MWh  386.70 151.71 102.867
Domestic Hot Water (DHW) demand MWh  191.88 191.88 191.88
Efficiency (=60 °C) of boiler % 85 350 350
Energy consumption for boiler MWh  225.742 54.82 54.82
70% natural gas consumption MWh  158.02 158.02 158.02
Efficiency of grid transmission Y% 95 95 95
Total natural gas for DHW MWh  166.336 166.336 166.336
30% hydrogen MWh  67.72 67.72 67.72
Efficiency of hydrogen storage % 99 99 99
Energy consumption for hydrogen storage MWh 684 68.4 68.4
Efficiency of (electrolyser + compressor) ** Yo 70 70 70
Energy of (electrolyser + compressor) MWh  97.72 97.72 97.72
Efficiency of DC/DC conversion % 95 95 95

PV central to produce hydrogen (for DHW) MWh  102.867 102.867 102.867
Electricity demand for appliances MWh 7798 77.98 77.98
Efficiency of local grid transmission % 95 95 95
Energy consumption for grid transmission MWh  82.08 82.08 82.08
Efficiency of DC/AC conversion Yo 95 95 95
Total electricity (PV rooftop) for appliances MWh  86.40 86.40 86.40
Total naturgl gas consumption MWh 625.30 + 166.34 24532 +166.34  166.17 + 166.34
(space heating + DHW) 791.64 411.66 332.51
Total Electricity (PV Central) for hydrogen production ﬁxﬁ igggg +102.87 ;;112;1;102’87 égégz +102.87

** Compressor efficiency is explained in the following paragraph.

In all cases, it is assumed that Hj gas is initially generated at a pressure of 20 bar

(290 psia). A study conducted by Ferreira [35], on modeling electrolysis at different pres-

sures reveals that 1.05 to 1.5 kWh/kg of hydrogen is required to compress from 20 bar to
350 bar. From the model of 10 MW PEM electrolyzes, with a total production of 181.3 kg,
about 7149 kW of compressed hydrogen is produced with the resulting pressure out-
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put of 20 bar. An additional 202 kW of electricity is needed to increase the pressure by
200 bar and 273 kW to 350 bar. Therefore, with 7149 kW of compressed hydrogen and
10.000 kW + 273 kW of input electricity, the efficiency of 350 bar compression is 69.59%,
which is rounded to 70%. It should be noted that this process is a combination of electrolysis
and compressing processes.
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Figure 12. Energy consumption diagram of Scenario 3: natural gas and hydrogen blended system,

utilizing light renovation (graphic illustrated by Author).

On the other hand, the system’s total efficiency of 76%, accounting for a total energy
consumption of 666 MWh and the output or heating demand of 406 MWh, is still com-
mendable. Furthermore, by taking into account 411 MWh of natural gas resource and
approximately 10.6 kWh/kg of its energy content, the annual energy production from
natural gas is 57,110 cubic meter per year for one block or 25 houses.

This hybrid system uses a 70:30 mix of natural gas and hydrogen. Hydrogen is
assumed to be green (PV-electrolyzed). Natural gas (70% of total 508 MWh heating demand):
356 MWh CO; emissions, 356 x 1000 x 0.184 = 65,504 kg CO, = 65.5 tonnes CO, /year. This
scenario achieves a moderate carbon reduction (up to 30% compared to Scenario 1). However,
it still relies on fossil fuels, and its benefit depends on maximizing hydrogen integration.

Scenario 4. Hydrogen Microgrid Boiler System

In this particular variant, the system operates exclusively on 100% hydrogen, which
is collectively stored within the neighborhood. The local electricity supply is sourced
primarily from photovoltaic panels, with the electricity grid serving as a backup support.
Electricity Source: Photovoltaic, electricity grid (support)

Heating Source: Hydrogen gas

e  Space Heating: Hydrogen boiler
e  Domestic Hot Water: Hydrogen boiler

Electrical Storage: Batteries
Energy Storage: Hydrogen storage

In this system, as presented in Figure 13, a localized energy infrastructure using 100%
hydrogen as the primary fuel source is built within the neighborhood. A self-production
of hydrogen with photovoltaic-based is utilized. The generated hydrogen gas is then
distributed into a small-scale grid designed to provide heating to the neighborhood in
Stoke-on-Trent. As it fully disperses hydrogen, the pipeline network requires upgrades to
ensure the safety of hydrogen distribution. Nevertheless, the use of hydrogen boilers to
replace the regular boilers also needs to be taken into consideration to achieve a complete
and good performance system. While the new technology in hydrogen boilers does have an
effect on increasing capital costs, this scenario excludes the projection of hydrogen demand,
which specifies the decrease in the total cost of hydrogen production.

Table 14 provides a comprehensive overview of the energy consumption calculations
within the system. To fulfill the heating demand of 508 MWh for both space heating and
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domestic hot water, hydrogen consumption of up to 848.6 MWh is needed. As a result,
the total efficiency of this system is found to reach almost 60%, encompassing the entire
process from the initial stages to the hydrogen production phase.
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Figure 13. An illustration of energy system design in Scenario 4: microgrid hydrogen boiler system
(Author illustration).

The production of hydrogen at a high pressure of 350 bar requires a substantial
amount of electricity. The more energy needed to cover the hydrogen conversion process
the more photovoltaics required to accommodate this need. Thus, to enhance further
utilization, a photovoltaic system generating direct currents (DC) will adapt to the current
electrolyzer rate. An electrolyzer may have such a high direct current (DC) that it requires
another DC/DC conversion, which is calculated with 95% effectiveness in the system. The
configuration system is shown in Figure 14.
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| A¥ 36 MWh solar rooftop | | 82 MWh electricity | (95 %) 78 MWh Domestic electricity needs Electricity
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H2 Hydrogen
& 4 Boiler 316 MWh Space Heating
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g .
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Figure 14. Energy consumption diagram of Scenario 4: microgrid hydrogen boiler system, utilizing
light renovation.

This system runs entirely on hydrogen for heating and DHW. The hydrogen is pro-
duced via on-site electrolysis powered by PV. Hydrogen energy demand: ~848.6 MWh.
Due to its source-used PV electrolysis, the result is a carbon-free heating system in terms of
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direct emissions, although system efficiency is lower (60%). Importantly, this assumes no
fossil backup or grid power is used during hydrogen production or distribution.

Table 14. The estimation of energy consumption for Scenario 4: microgrid hydrogen boiler system.
Light renovation is highlighted to link the data reference on the Figure 14.

Energy Consumption Unit Base Case Light Renov Ambitious Renov
Space heating demand MWh  806.19 316.28 214.25
Efficiency (40-60 °C) of hydrogen boiler Y% 95 95 95
Energy consumption for hydrogen boiler MWh  848.82 332.93 225.53
Efficiency of hydrogen storage % 99 99 99
Energy consumption of hydrogen storage MWh  857.39 336.29 227.80
Efficiency of electrolyser + compressor % 70 70 350
Energy consumption electrolyser + compressor MWh  1224.84 480.42 325.43
Efficiency of DC/DC conversion % 95 95 95

PV central to produce hydrogen (for space heating) MWh 1289 505.70 342.56
Domestic Hot Water (DHW) demand MWh  191.88 191.88 191.88
Efficiency (>60 °C) of hydrogen boiler % 85 85 85
Energy consumption for hydrogen boiler MWh 22574 225.74 225.74
Efficiency of hydrogen storage Y 99 99 99
Hydrogen storage consumption MWh  228.02 228.02 228.02
Efficiency of electrolyser + compressor % 70 70 70
Energy consumption electrolyser + compressor MWh 32574 325.74 325.74
Efficiency of DC/DC conversion % 95 95 95

PV central to produce hydrogen (for DHW) MWh  342.89 342.89 342.89
Electricity demand for appliances MWh 7798 77.98 77.98
Efficiency of local grid transmission Y 95 95 95
Energy consumption for grid transmission MWh  82.08 82.08 82.08
Efficiency of DC/AC conversion Y% 95 95 95
Total electricity (PV rooftop) for appliances MWh  86.40 86.40 86.40

Total electricity (PV central) for hydrogen production

MWh 1289 +342.89  505.69 + 342.89 342.56 + 342.89
MWh  1631.89 848.59 685.45

Scenario 5. Cogeneration Hydrogen Fuel Cell System

Power source: Photovoltaic, electricity grid (support), and electricity surplus from
fuel cells.
Energy Source: Hydrogen gas

e  Space Heating: Waste heat from fuel cells
e  Domestic Hot Water: Waste heat from fuel cells

Storage: Hydrogen storage and batteries

The system configuration is shown clearly in Figure 15.

In this scenario, waste heat from the fuel cell plays a pivotal role in the system. In
addition to the electricity generated by the system, the waste heat, which can reach a tem-
perature range of 40 to 60 degrees Celsius, is utilized for fulfilling the heating demand for
both space heating and domestic hot water. However, in reality, this system is categorized
as an inefficient system, falling below the classification of an energy-efficient system. It
provides a complex setup, which utilizes only waste heat from the fuel cell; however, in
reality, it requires more heat to cover the demands. Therefore, more energy is needed, and
the system becomes inefficient. However, despite producing waste heat, the fuel cell also
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produces electricity, which has an efficiency of almost 60%. Its production of electricity
surpasses the demand and allows the surplus electricity to be reused in the production of
green hydrogen. Consequently, with electricity generated through fuel cells, installations
of photovoltaic rooftops are no longer needed, as the electricity produced can aptly satisfy
the energy demand for various appliances.
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Figure 15. An illustration of energy system design in Scenario 5: cogeneration hydrogen fuel cell
system (Author illustration).

However, there is room for improvement, considering the high energy consumption
of approximately 2086 MWh required for green hydrogen production, far exceeding the
heating demand of 406 MWh. Consistent operation of the fuel cells to meet the heating
demand results in an overall system efficiency of only 24%, highlighting the need for further
enhancements, as elucidated in Table 15.

This innovative system harnesses the potential of waste heat as a valuable energy
source. By efficiently repurposing the waste heat from the fuel cells to meet the heating de-
mand, this system is committed to sustainable energy solutions. Nevertheless, the inherent
complexity of this setup underlines the need for strategic improvements, particularly in
light of the high energy consumption required for green hydrogen production. Figure 16
depicts a visual representation of the energy system’s cyclical process, emphasizing the
pivotal role of fuel cells in this multifaceted energy ecosystem.

This setup produces both electricity and heat using hydrogen fuel cells, powered by
green hydrogen from PV electrolysis, where the hydrogen demand is about 526.22 MWh
with an estimated operational CO, emission of zero due to its energy source. However, to
consider that the system efficiency in this scenario is low, the long-term strategy must be
improved, including adding energy storage and grid independence.
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Table 15. The estimation of energy consumption for Scenario 5: cogeneration hydrogen fuel cell

system. Light renovation is highlighted to link the data reference on the Figure 16.

Energy Consumption Unit Base Case Light Renov Ambitious Renov
Space heating demand MWh  806.19 316.28 214.25
Efficiency (40-60 °C) of fuel cell % 37 37 37
Energy consumption for fuel cell MWh  2178.90 854.82 579.06
Efficiency of hydrogen storage % 99 99 99
Energy consumption of hydrogen storage MWh 2200 863.45 548.91
Efficiency of electrolyser + compressor % 70 70 70
Energy consumption electrolyser + compressor MWh 3144 1233 835.58
Efficiency of DC/DC conversion % 95 95 95
PV central to produce hydrogen (for space heating) MWh 3309 1298 879.6
Domestic Hot Water (DHW) demand MWh  191.88 191.88 191.88
Efficiency (>60 °C) of fuel cell % 37 37 37
Energy consumption for fuel cell MWh  518.6 518.6 518.6
Efficiency of hydrogen storage % 99 99 99
Hydrogen storage consumption MWh  523.83 523.83 523.83
Efficiency of electrolyser + compressor % 70 70 70
Energy consumption electrolyser + compressor MWh  748.34 748.34 748.34
Efficiency of DC/DC conversion Y% 95 95 95
PV central to produce hydrogen (for DHW) MWh  787.72 787.72 787.32
Electricity generated by fuel cell (Space Heating) = MWh  2015.47 790.7 535.625
Efficiency of Fuel cell (electricity) % 57 57 57
Electricity surplus by fuel cell MWh  114.82 114.82 114.82
Electricity generated by fuel cell (DHW) MWh  518.6 518.6 518.6
Efficiency of Fuel cell (electricity) Y% 57 57 57
Electricity surplus by fuel cell MWh  295.60 295.60 295.60
Electricity demand for appliances MWh 7798 77.98 77.98
Efficiency of local grid transmission Y% 95 95 95
Energy consumption for grid transmission MWh  82.08 82.08 82.08
Total electricity surplus (deviation) MWh 1361.5 (+) 664.22 (+) 518.82 (+)
Total electricity (PV central) for hydrogen production ﬁxﬁ igg;;gw'n ;(2)355;';2787'72 f672763; 787.72
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Figure 16. Energy consumption diagram of Scenario 5: cogeneration hydrogen fuel cell system,

utilizing light renovation.
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Scenario 6. Hydrogen Hybrid Heat Pump System
Power Source: Photovoltaic, Electricity Grid
Energy Source: Hydrogen gas grid with Hydrogen boiler, and fuel cell

e  Space Heating: Heat Pump, Fuel Cell
e  Domestic Hot Water: Hydrogen gas grid with hydrogen boiler

Storage: Hydrogen Storage and Battery

This innovative system needs a reduced amount of hydrogen to fulfill the heating
demand. The hydrogen is green, as it is generated from a solar-powered energy source. In
this scenario, as shown in Figure 17, an air-source heat pump is used to complement the
utilization of hydrogen fuel cells. This heat pump will further optimize system efficiency
by recovering heat from the air source for heating purposes. This scenario does have
promising outcomes, with the heat pump contributing 248.8 MWh of the total heating
demand of 406 MWh. This reflects a relatively efficient system, boasting an impressive
overall efficiency of 163%. Nonetheless, this system can still be further improved, since
the heat pump operates continuously and relies heavily on electricity from the fuel cells.
To maximize energy efficiency, it is highly advised to implement a control system that
enables the heat pump to work directly from the solar panels, especially during sunny
weather. This enhancement can lead to reduced energy consumption, thereby improving
system sustainability.
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Figure 17. An illustration of energy system design for Scenario 6: hydrogen hybrid heat pump system
(Author illustration).

In this context, the heat pump contributes significantly to reducing the heating demand,
as it works synergistically with the fuel cells to produce electricity. The electricity demand
for the heat pump is not only channeled through direct solar power source. This means
that this renewable energy source can minimize the system’s dependency on fuel or the
electrical grid. Additionally, seasonal storage for peak demand can also be achieved by
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utilizing this hydrogen source. This explains how this system has an outstanding efficiency
of 163%. However, there is compelling potential for further improvements to this system to
address the heat pump’s continuous operation and refining its control system to prioritize
solar-generated electricity during sunny periods. This strategic adjustment not only benefits
its energy efficiency but also strengthens the resilience and sustainability of this system,
aligning it closely with environmentally conscious goals.

In this system, a hybrid hydrogen heat pump configuration is used, incorporating
a peak-shaving strategy during winter months. Assuming a 50/50 energy split between
hydrogen and electricity—both sourced from local photovoltaic systems—the system can
operate with zero direct carbon emissions. However, it is important to note that any grid
electricity used as a backup for the heat pump could introduce additional emissions of
0.233 kg CO, per kWh [36]. Overall, this hybrid approach combines the high efficiency of
heat pumps with the seasonal flexibility of hydrogen storage, making it a resilient and low-
emission solution for fluctuating energy demand. Figure 18 depicts a visual representation
of the energy system’s cyclical process, emphasizing the pivotal role of fuel cells in the

scenario 6.
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Figure 18. Energy consumption diagram of Scenario 6: hybrid hydrogen and heat pump system,
utilizing ambitious renovation.

4. Discussion

This study sets out a comparison of promising prospects of various integrated hy-
drogen systems for buildings within the area of the Stoke-on-Trent neighborhood, as
demonstrated in Figure 19. The Electric Heat Pump System in Scenario 2 is considered
the most efficient system with the lowest energy consumption, compared to the other
alternatives. However, among other hydrogen solutions, the Hydrogen Hybrid Heat Pump
System in Scenario 6 exhibits an outstanding result as the most efficient system, with the
outcome of nearly half that of the Base Case scenario (Scenario 1: Natural Gas Grid System),
with the effective use of fuel cell products due to its complete functionality. The waste
heat generated by the fuel cells can still be utilized to meet the low temperature heating
demand for space heating purposes. Therefore, the electricity produced is intended for
domestic appliances. Eventually, there is no unused waste produced by the fuel cells, and
the heat pump can help reduce the energy consumption in this system. As a result, the
overall efficiency of this system reaches 163%. Nevertheless, Scenario 2, which relies solely
on a heat pump still produces twice the system efficiency, at about 360%.
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Figure 19. Analysis of energy consumption in six different scenarios of energy systems (illustrated by
the author).

The lowest performance is demonstrated in Scenario 5, the Cogeneration Hydrogen
Fuel Cell System, which is considered inefficient because it only contributes 24% of the
overall system efficiency. This may be because the energy used in this system is generated
solely by the waste heat from fuel cells, which may not be able to meet the heating demand
of the buildings, thus requiring more energy to be generated to fulfil the heating demand
in this system.

The other hydrogen system scenarios, e.g., Scenario 4 (Hydrogen Microgrid Boiler
System) and Scenario 3 (Natural Gas and Hydrogen Blended System), have moderate
energy consumption, with total efficiencies reaching 60% and 76%, respectively. However,
it cannot be concluded that these specific systems lead to other hydrogen systems. So, it is
crucial to consider how hydrogen is utilized and/or prioritized. This always depends on
the context, region, and possible availability of hydrogen sources. If the city has a sufficient
supply of hydrogen, the use of a hydrogen grid in the system is preferable. From these
findings of system efficiency, Scenario 5, which relies solely on fuel cells, may not be feasible
for application in buildings due to the limited effectiveness and complexity of the system.
These limitations lead to a high primary energy demand, which results in increased energy
consumption and low energy performance. Hence, an increase in capital costs may also
occur. Furthermore, it is important to note that the conventional natural gas infrastructure
in Scenario 3 will be phased out over several years as a result of current governmental
policies. Therefore, Scenario 3 can only be implemented during the transition period and
will be replaced gradually by Scenario 4.

4.1. Long-Term Heating Strategies and Hydrogen Forecast in 2030

The momentum behind hydrogen is strong. Nine countries, including the UK—accounting
for around 30% of emissions in the global energy sector today—have released their national
strategies in 2021-2022 [33]. The announcements of new projects and pilot projects for
hydrogen in domestic applications are in abundance; however, only 5% of them have taken
firm investment decisions due to uncertainties around the future evolution of demand.
There is a lack of clarity about regulations and infrastructure available to deliver hydrogen
to end users. Despite these uncertainties of hydrogen deployment plans, the future avail-
ability of hydrogen by 2030 needs to be addressed. Clear policy targets are strongly needed
to send out appropriate signals to consumers and market actors.
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The projection of the Net Zero Energy scenario requires the sales of fossil fuel to
be shifted gradually along with the improvement of hydrogen deployments in the UK,
especially within the neighborhood in Stoke-on-Trent. Strategies related to the specific
utilization of hydrogen for domestic needs may consider how it should be prioritized,
regarding the high investment costs the market demands. This condition may not be
applied in scenarios where there is an increase in hydrogen supply as a result of a decrease
in hydrogen production costs and a simultaneous rise in demand.

Since heat pumps are found to occupy the highest performance and obtain support
from the government, the production of heat pumps is expected to increase from 55,000 in
2021 to 600,000 by 2028. This proves that an all-electric heat pump system is still regarded
as an excellent option and has the potential to be developed further, as it has been found to
be more efficient than the other heating systems. Therefore, the government is advised to
prioritize removing significant barriers to its implementation, including significant high
upfront costs compared to gas boilers. Expansion of the use of heat pumps throughout the
UK, along with clear training and reskilling strategies, are also necessary to support the
transition to low-carbon heating.

Despite various advancements of hydrogen technologies, the window of opportu-
nity for a rapid transition to adjusting to a net zero-emission energy system is narrowing.
Numerous studies are currently assuming that the next step will be taken due to the sub-
stantial growth of hydrogen, although it is still considered inefficient and full of complexity.
However, hydrogen will not play a big role in the heating systems of buildings and neigh-
borhoods before 2030 [5]. In the meantime, the government may push the transition of
blending hydrogen into the existing system and making it available to support the transi-
tion before it is fully deployed into hydrogen boilers by also considering grid installment
upgrades. It is predicted that by 2030 onwards, green hydrogen will be produced in larger
scales due to increasing industrial and transportation applications, and it will then become
more cost-effective in the built environment. The use of hydrogen boilers is beneficial when
low-temperature heating is not available or when all-electric heating is not possible. Yet,
when low-temperature heating is available, the all-electric heating system, which covers
the largest heating demand in domestic environments is still more preferrable.

Integrating Combined Heat and Power (CHP) in the heating system for buildings is
particularly interesting. While fuel cells only produce a sixth of the total energy, with the
addition of heat pumps they will be able to meet larger heating demand with low energy
consumption. This may be efficient if hydrogen production is not limited. However, the
fact is that the solar yield in Stoke-on-Trent is extremely low during winter. In December,
for instance, with 950 square meters of PV panels, there is a mismatch between the heating
demand and the energy production; PV panels only produce 5645 kWh, whereas the
heating demand reaches 29,072 kWh. This is where hydrogen can play a part. As long as
the heat pumps are still potentially applicable while electricity is supplied, they can be
prioritized as the heating system. When the energy demand reaches its peak, hydrogen fuel
cells will play a role in meeting the demand, ultimately saving the use of hydrogen and the
production of energy. This system will also be especially useful in areas with a considerable
distance from the electrical grid. This can also be seen from the utilization of hydrogen in
new neighborhoods that have the potential for a local green hydrogen production.

4.2. Safety Considerations in Hydrogen Integration for Buildings

The integration of hydrogen into residential energy systems presents a distinct set of
safety challenges that must be addressed to ensure both public acceptance and technical
viability. Unlike conventional fuels, hydrogen possesses unique properties that can elevate
safety risks if not properly managed. Its wide flammability range (4-75% in air), low
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ignition energy, high flame speed, and small molecular size make it more prone to leakage
and ignition compared to natural gas [37,38]. Furthermore, hydrogen is colorless, odorless,
and non-toxic, complicating leak detection in indoor environments.

These risks vary in degree across the six energy system scenarios examined in
this study:

o In Scenario 1 (Natural Gas Grid) and Scenario 2 (All-Electric Heat Pump),
hydrogen is not used directly; therefore, safety concerns are limited to conventional
gas and electrical standards.

e In Scenario 3 (Natural Gas and Hydrogen Blend),
hydrogen is introduced into the existing gas network up to safe limits (typically
<20% by volume). While this approach reduces carbon emissions with minimal
infrastructure change, it still necessitates upgraded sensors, pressure regulators, and
blend control systems.

e InScenario 4 (Hydrogen Microgrid Boiler) and Scenario 5 (Hydrogen Fuel Cell System),
hydrogen is used at higher concentrations or in pure form. These systems require
upgraded pipe materials resistant to hydrogen embrittlement, the integration of flame
arrestors, and continuous leak monitoring with automatic shut-off mechanisms.

e In Scenario 6 (Hybrid Hydrogen Heat Pump),

operational complexity is introduced, but it allows for modular risk control, us-
ing hydrogen only during peak demand and reducing the need for constant high-
pressure storage.
To mitigate these risks, a combination of technical measures, building design adapta-
tions, and regulatory frameworks is required [37,38]. Recent pilot programs based on
standardization, such as Hy4Heat and HyDeploy in the UK, have demonstrated that
domestic hydrogen systems can be operated safely with the following;:

e Advanced hydrogen leak detectors;

Proper ventilation design;

Use of explosion-proof materials and fittings;

Safety shut-off valves integrated into smart control systems;

Updated appliances certified for hydrogen operation (e.g., hydrogen-ready boilers).

At the regulatory level, adherence to international standards such as ISO/TR
15916:2015 [37], NFPA 2 (Hydrogen Technologies Code), and evolving British gas safety
guidelines is essential. These codes provide frameworks for installation, operation, and
maintenance to reduce the likelihood and impact of hydrogen-related incidents.

Finally, public awareness and professional training will be key to widespread adop-
tion. Safety concerns—real or perceived—must be proactively addressed through education,
transparent risk assessments, and performance benchmarking against conventional systems.

By incorporating safety considerations into the energy system planning and scenario
evaluation, this study highlights that hydrogen can be deployed in buildings safely and
responsibly, provided that proper standards and technologies are in place. This strengthens
the feasibility of hydrogen as a low-carbon alternative in residential heating and energy
systems and adds a critical dimension to evaluating its overall sustainability.

4.3. Hydrogen as a Peak Shaver (System Optimized in Hybrid Hydrogen and Heat Pump)

Hydrogen, when utilized as a peak shaver, offers significant value in improving
the overall efficiency of energy systems, particularly in addressing seasonal variations in
energy production and demand. This configuration proves advantageous in maximizing
the utilization of the heat pump, known for its ability to minimize energy consumption. In
the context of this hybrid hydrogen and heat pump system, the utilization of a controller is
essential for establishing a schedule that not only preserves the existing workflow but also
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leverages the advantages of a smart integrated building system. This ensures that energy
resources are optimally managed and that the system operates efficiently while adapting to
changing environmental conditions and demands.

Figure 20 outlines how this system works, including the conditions where each ap-
pliance is activated and operated efficiently. A heat pump is an energy-efficient device
that transfers heat from lower-temperature sources to higher-temperature space. In this
study, an air source heat pump, which can provide both heating and cooling by revers-
ing its operation, is utilized. Additionally, hydrogen is used in this system as an energy
carrier and storage. During periods of low energy demand, surplus electricity is used to
electrolyze water and produce hydrogen, which is then stored for later use. Meanwhile,
fuel cells function to produce electricity with a certain amount of waste heat produced.
When the electricity is produced, the heat pump will convert it to heating for efficient
energy consumption. In this system, however, the heat pump is activated regularly with
the hydrogen energy. This will consume a high amount of hydrogen, thus requiring more
storage. The following is how the peak shaver scenario works. During low heating demand,
the heat pump operates directly using electricity from the grid or other renewable sources.
This is the most energy-efficient mode of this system. Surplus electricity generated from
renewable sources (solar power) can be used to electrolyze water to produce hydrogen,
which will later be stored to serve as an energy reservoir.

Hybrid Hydrogen and Heat Pump System (Peak Shaver)

Day and Summer Time

m N Q - Night and Winter Time r

Py N System Controller
Ld ..
- & >

Hydianjer

Figure 20. An illustration of how hybrid hydrogen and a heat pump are used as a peak shaver
(illustrated by the Author).

When there is an increased load in energy demand or during peak periods, the
system switches to stored hydrogen as the primary energy source. The stored hydrogen
is converted back to electricity through a fuel cell. This electricity is then used to power
the heat pump to meet the increased heating demand. This will allow the system to avoid
drawing additional power from the grid during peak demand, thereby reducing the strain
on the grid and potentially avoiding higher electricity costs during peak hours. This peak
shaver can be used to control the flow of energy between the heat pump, the hydrogen
fuel cell, and the thermal storage system, ensuring that the system is operating efficiently
and that the peak demand of electricity is reduced. The use of a peak shaver in a hybrid
hydrogen and heat pump system can be beneficial for both the grid and the environment.
Some benefits of this system are as follows:
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e  Decreased peak demand for electricity. This can help to reduce the need for new power
plants or solar panels and decrease the capital costs of the system.

e Increased system efficiency. The heat pump can operate more efficiently when the
demand is lower.

Overall, the use of a peak shaver in a hybrid hydrogen and heat pump system can be
a way to improve the efficiency and sustainability of the domestic energy system.

4.4. Annual Set up of Hybrid Hydrogen and Heat Pump System

Understanding the hourly energy demand enables the system to allocate energy
resources effectively. Analyzing these data, also provides insights into specific hours or
seasons that peak or fall, guiding the selection of the most suitable energy source of heating,
whether from hydrogen or a heat pump. Figure 21 presents the energy demand model for
25 houses, revealing that during the period between hour 3800 and 6400, roughly spanning
mid-May to mid-September, the energy demand remains relatively low. Interestingly, the
result of some heating demands during that period still exist, although in the summer
days. Upon closer examination of the model, the excel model is apparently in simplified
simulation where the result appears overestimated.
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Figure 21. Hourly energy demand of 25 houses (one block) in 8760 h.

In this study, the system is controlled to respond to the specific environmental condi-
tions, including temperature, solar radiation, and peak hours. These factors are critical in
determining an optimal operational schedule that ensures its performance and efficiency.
Solar radiation data, in particular, play a central role in determining the availability of
sunlight. Figure 22 provides a visual representation of solar radiation. Indicating that sun
consistently rises throughout the year by various amounts from 20 to 1000 during its peak
in warm days. Data are retrieved from PVGIS, even though specific weather variations
are shown, which may cause different results in the graphic. It is explained that during
the day in winter, the solar radiation is relatively low and during summer it reaches its
higher amounts.

With the implementation of this control system, the overall system efficiency has been
greatly improved, resulting in a remarkable 191% of energy consumption. Figure 23 illus-
trates the annual energy consumption for both configuration of a heat pump and hydrogen.
It is evident that, despite the high energy demand demonstrated in Figure 21, even during
summer or winter the control system effectively curbs energy usage, preventing the excess
use of energy.
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Figure 22. Solar radiation throughout the year of 2021 for Hanley, Stoke-on-Trent. Data are retrieved
from PVGIS.
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Figure 23. Annual energy consumption in a hybrid hydrogen and heat pump system within
25 households.

Figure 24 corresponds the hourly use of a heat pump, which reaches a static capacity
of 12 kW, but is maintained at a lower demand level. Furthermore, this usage remains
consistent daily, except during the summer season when it is intelligently controlled to
minimize energy use. The detail explains the monthly set up of the control system.
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Figure 24. Heating consumption through heat pump application in hybrid hydrogen and heat pump
systems in 25 households.

As a versatile component of the system, hydrogen bridges the gap in energy supply
during adverse conditions, ensuring a reliable and uninterrupted operation. It serves
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as a backup solution when other utilities or sources may fall short. In the subsequent
explanation of how the system control operates, we will delve into the specific details
of how smart integration of hydrogen and a heat pump optimizes energy efficiency and

enhance overall performances.

4.5. Monthly Set up of Hybrid Hydrogen and Heat Pump System

The operational control has undergone trial and error to identify and refine the param-

eters that contribute to the most efficient energy consumption. As a result, the optimization

eventually relies on three parameters, including air temperature, solar radiation, and peak
capacity for every hour. These variables will then be adjusted and applied to the control
setting. Table 16 describes the parameters that guide the control operation in a hybrid

hydrogen and heat pump system.

Table 16. Parameters of a control setup in a hybrid hydrogen and heat pump system.

1 2 3
No. P t in-
° arameters Ba}re Min Remark Average Remark Limit Max Remark
imum
o 9.84°C o

A Temperature <9.84°C Al (t0 18 °C) A2 18 °C A3
B Solar Radiation 0W/m2 Bl 750 W/m? B2 >750 W/m? B3

Heat Load hour 48.9 kWh (to >98.99 kWh
C (25 household) <48.9kWh  Cl 98.99 kWh) <2 (Max amount in data) C3
No. Heating with Hydrogen source Heating by Heat Pump Heating turn off

Al A2 A3
2. B1, B2 B1, B2 B3

C2,C3 C1

The following steps outline how the system dynamically responds to environmental

conditions and the energy demand. The system works as follows:

High Temperature. Firstly, when the temperature falls within the range of 18-28. 22 de-
grees Celsius or exceeds this range, the system ensures that the heating is completely
turned off. This prevents unnecessary heating when the temperature is completely ex-
cessively hot. However, an advanced dynamic control, when the temperature exceeds
this range, can also be switched to a cooling system.

Low-Temperature solar heating. In conditions where there is sunlight, but the temper-
ature is relatively low, the system activates the heat pump to provide heating, along
with solar energy with availability to be stored as hydrogen. This ensures energy
efficiency by harnessing solar energy directly when maintaining comfort.

Lowest Temperature. Additionally, when there is sunlight, but the temperature is at its
lowest, the system prioritizes heating via hydrogen. This method utilizes a hydrogen
source to provide effective heating during extremely cold conditions.

Low to Average Capacity. When the heating demand ranges from zero to average
heating capacity, the heat pump is activated to generate the required heating.
Average to Maximum Capacity. In cases where the heating demand exceeds the
average capacity but remains within the maximum capacity, the system activates the
hydrogen source.
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e  Excess Capacity. If the energy demand exceeds the maximum average heating capacity
of the system, it automatically switches to hydrogen to meet the increased demand.
This prevents overloading the heat pump.

The control system dynamically adjusts between the heat pump and hydrogen sources,
optimizing energy utilization. It ensures that heating demands are consistently met
while minimizing energy consumption. As demonstrated in Figure 25, this adaptabil-
ity showcases the system'’s responsiveness to varying conditions, reinforcing its efficiency
and optimization.

ENERGY SYSTEM USAGE (monthly)
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Figure 25. Hybrid hydrogen heat pump as peak shaver (graphic is illustrated by Author).

4.6. Daily Set up of Hybrid Hydrogen and Heat Pump System

To provide a detailed breakdown of the hourly settings for the hybrid and heat pump
system, Figure 26 offers an insight into the daily configuration on 1 January. The graph
illustrates the highest heating demand occurring during the early morning and evening
hours. In January, with temperatures ranging from 3.02 to 9.35 degrees Celsius, heating
remains active throughout the day to maintain comfort.

Daily Set-up in Hybrid Hydrogen and Heat Pump System (25 houses)

~———— Hydrogen consumption

Space Heating Demand
Solar Yield

= Heat pump consumption

1 23 45 6 7 8 9101112131415161718192021222324

Figure 26. Daily setup of a hybrid and heat pump system within 25 houses on 1st January.

Furthermore, the graphic indicates that even during the winter season, solar radiation
is present, as in this calculation, it is started between 12 and 3 PM, with an intensity range
from 55 to 177 watts per square meter. During these hours, a low-temperature heating
system, operated by the heat pump, is the most effective. However, in the peak hours of
the early morning and evening, hydrogen takes over to meet the heightened demand. The
more detailed setting is explained as follows:

e  Hours 0-6: Hydrogen is fully utilized as there is no solar yield during this period.

e  Hours 7-12: Increased activity during these hours results in higher hydrogen con-
sumption, which subsequently decreases as solar radiation begins to rise.
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e  Hours 13-18: Solar yield reaches its peak during this timeframe, allowing the heat
pump to take the lead. Consequently, hydrogen consumption is minimized.
e  Hours 19-24: As solar yield diminishes, hydrogen is reactivated to meet the demand.

Overall, this dynamic control strategy, which alternates between heat pumps and
hydrogen, proves to be cost-efficient and energy-saving. However, continued research into
scheduling and other parameters remains crucial for further system improvement.

5. Conclusions

This study examined six residential energy system scenarios to assess the potential
role of green hydrogen in decarbonizing building operations. While the efficiency of energy
systems varies, the primary aim is not to favor a single solution but rather to explore how
hydrogen can be integrated into decarbonization efforts in flexible and practical ways.

Among the hydrogen-based systems, the hybrid hydrogen heat pump configuration
(Scenario 6) emerges as the most promising, which combines the high efficiency of heat
pumps with the storage flexibility of hydrogen. This setup is especially effective for manag-
ing seasonal peak heating demands and offers strong potential performance throughout the
year. It offers fully net zero emissions if both electricity and hydrogen energy are derived
from renewable sources. However, in these cases, backup reliance on the electricity grid,
which, depending on the energy mix, can lead to indirect emissions.

Although Scenario 2 is the most efficient system. By comparison, hydrogen sys-
tems can serve as a strategic complement to electrification, especially in cases where grid
upgrades are not feasible or where energy storage and seasonal reliability are critical.

Regarding the long-term feasibility, hydrogen in buildings will depend on future
progress in infrastructure, cost reductions, storage technologies, and the development of
reliable hydrogen supply chains. In parallel with safety concerns, hydrogen’s flammability,
low ignition energy, and leak risks require stringent design, detection, and compliance
measures. It remains critical and there is a requirement to follow international standards.

In conclusion, hydrogen should be viewed not as a competitor to electrification, but as
a strategic complement—capable of enhancing system flexibility, enabling carbon neutrality,
and addressing specific gaps in the energy transition.
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