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Abstract

To enhance residential sustainability by providing decarbonized and locally produced energy to a
residential district, the relevance of a grid-connected multi-energy system, including PV panels, a
battery, an electrolyzer, a hydrogen tank, and a fuel cell, is studied. A model is developed that creates
high-resolution, continuous yearly profiles. The model is then utilized in a metaheuristic multi-
objective optimization based on total cost and life cycle greenhouse gas emissions to highlight sizing
trends. In the results, the most cost-efficient solutions rely mostly on PV power with minimal battery
storage capacity, whereas hydrogen systems are necessary to achieve the best emission reductions.
The analysis does not identify a promising prospect for seasonal energy storage with the current tank
and battery lifetime emissions. Producing more than 65% of the energy demand locally is not deemed
beneficial.
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Highlights

*Modeling of annual stochastic, high-resolution, and coherent domestic load profiles.
*Modeling of a multi-energy system directly coupled with the domestic load model.

*Metaheuristic cost and emission optimization of a hydrogen-based multi-energy system.
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*Seasonal energy storage does not perform well on the life cycle emission side.
*Hydrogen systems perform well on the emission side but are not currently cost-effective.

Keywords: Multi-energy, Hydrogen, Cogeneration, Domestic load modeling, Power-to-Power, Energy
storage
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n Efficiency

vl Efficiency temperature coefficient
T Temperature (K)

G Irradiance (W/m?)

A Area (m?)

P Power (W)

m Masse flow rate (kg/s)

HHV Higher Heating Value (J/kg)
Q Energy capacity (kWh)

C Cost

G Gain

Obj Objectif

Em Emission

Indices

mp Maximum power point

ref Reference

panel Panel

amb Ambient

NOCT Normal Operating Cell Temperature
H, Dihydrogen
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Abbreviations
BAT
EC

PV

FC
CHP
GA
PSO
CREST
cop
EER
PEM
soc
CAPEX
OPEX
O&M

kg COz-eq

thermal
Battery
Investment
Replacement
Heat pump
Provided
Absorbable

Hot Water

Battery

Electrolyzer

Photovoltaics

Fuel Cell

Combined Heat and Power
Genetic Algorithm

Particle Swarm Optimization
Centre for Renewable Energy Systems Technology
Coefficient Of Performance
Energy Efficiency Ratio
Proton Exchange Membrane
State Of Charge

Capital expenditure
Operating expenditure
Operation and Maintenance

Kilogram of CO; equivalent



1. Introduction

The risks associated with climate change and global warming are increasingly well-known and
quantified. Under the progressive pressure from actors in the field, these climate issues are taking on
an ever more important role in future policies. Initiated during climate summits (Kyoto, Copenhagen,
Paris...), action plans primarily focus on reducing greenhouse gas emissions.

Around the world, buildings represent one of the most energy-intensive sectors. Responding to climate
change issues must, therefore, include a reduction in this sector, through both a reduction in
consumption and a decrease in the use of high-carbon energy sources such as natural gas. The natural
gas supply crises in Europe have also demonstrated the need for a transition to local energy
production.

To meet the demand of buildings in a decarbonized and decentralized way, the production of energy
from renewable sources is a commonly used solution, especially solar photovoltaic electricity
production and solar thermal hot water production. However, these energy sources are intermittent
and, therefore, cannot alone cover the entire building load.

Numerous energy storage solutions are being explored for this purpose. The work presented here
focuses on multi-energy systems for residential applications using both a battery (BAT) and water
electrolyser (EC) to valorize the surplus electricity produced by solar photovoltaic (PV) panels by
generating dihydrogen. This dihydrogen can then be used in a fuel cell (FC) during periods of low solar
irradiation.

Fuel cells emit significant among of heat during operation. It is estimated that in a fuel cell stack, about
50% of the energy input is transformed into electricity, and 50% is lost as heat [1]. Valorizing this heat
is, therefore, of major importance to this type of system. One solution is to use the generated heat as
a source in another generation system [2, 3, 4, 5] . Some other studies focus on recovering the heat
to directly improve the efficiency of the stack itself [1]. This heat can also be used to produce cold [3,
6, 7, 8].

A common use of the fuel cell's waste heat is combined heat and power (CHP). It consists of using the
heat directly to meet heating needs. In residential applications, it is especially interesting because of
the significant local heat needs linked to the demand for space heating and hot water production. CHP
systems exist in different sizes, and micro CHP meets the demand for small applications like a single
building.

Fuel cell-based micro CHP can be supplied by natural gas. Maleki et al. studied a PV/wind/FC grid-
connected system for a house in Iran [9]. They modeled the system with and without heat recovery
and with and without heat storage. They optimized based on economic factors and concluded that the
system appears more promising with heat recovery but without heat storage. They also highlighted
that the genetic algorithm (GA) performs better than particle swarm optimization (PSO). At the district
size, Tooryan et al. [8], studied a PV/FC/BAT/boiler micro-grid system for the electricity, heat, and cold
demand of a 300 to 500 household district. The system is optimized using PSO, and significant gas
consumption reduction is achieved, especially when the fuel cell waste heat is used.

For better performance in terms of CO, emissions, other studies use fuel cells supplied by non-carbon-
based energy sources like dihydrogen. Chang et al. studied the performances of this type of system for
a house in north China [10]. The authors tested the performances with and without a battery and found
a clear advantage to using a battery.



In both cases above, the micro CHP’s fuel was imported but it is also possible to produce it locally.
Hosseini et al. study the energy and exergy efficiency of a micro CHP system to meet the demand for
an off grid single family Canadian house [11]. The systems use PV daytime excess electricity in an
electrolyzer to produce H,. Hydrogen then used in a fuel cell-based CHP.

At the district size, Arsalis et al. modeled a PV/EC/FC system meeting the total annual electricity and
heating needs [12]. They used hourly data corresponding to load varying from 1 house to 100 and
studied the economic performances of a system with fixed sizes. Their results indicate an interesting
prospect for a hydrogen-based energy storage at the residential district level even without using the
fuel cell heat.

Gabrielli et al. studied a small district of 24 buildings, including houses and commercial/office buildings
[13, 14]. Using 2 criteria, cost and CO; emissions, the authors optimized the sizes of the components
and their presence or not. Their results show that the best configuration for the CO; criteria consists
of a PV/BAT/EC/FC system but that the hydrogen systems do not perform as well for the cost criteria,
highlighting the importance of environmental analysis to fully study the benefits of this type of system.

In most studies of residential hydrogen-based multi-energy systems, the buildings' load is considered
only as a decoupled input, meaning that the multi-energy systems have no influence on the buildings'
thermal behavior [7, 9, 10, 11, 12, 13, 14, 15, 16, 17] [18, 19, 20, 21, 22]. Furthermore, references
presented use a time step size above 1 minute, an hourly time step for [10, 11, 12, 13, 14, 17, 18, 20,
21, 22] [23, 24], half-hourly for [15, 25], 10 minutes for [7], 6 minutes for [9], and 3 minutes (hourly
domestic load) [16].

Moreover, the systems’ environmental impacts are often estimated but not used as optimization
objectives [20, 8]. The mono-objective optimization studies often focus on economic criteria like the
total systems cost or the costof energy [7, 8,9, 17, 18, 23, 24], which caninclude environmental impact
but only through carbon taxes [22]. The multi-objectives optimization combine economic criteria with
technical criteria (loss of power likelihood, capacity shortage, electrical production...) [19, 20] or
environmental criteria (greenhouse emissions, NOx emission, land use, water consumption...) [13, 14,
16, 19]. But for greenhouse emissions, consider it only through the system operation life emissions
(emission avoided by providing low-carbon energy) [13, 14, 16, 22] , which tends to favor larger
configurations without taking into account the negative impacts those systems create through material
extraction, assembly, transport, dismantling, etc. On the other hand, a life cycle analysis considers
those impacts penalizing oversized systems.

Therefore, there is a lack of high time resolution modeling that includes the coupling between the
hydrogen-energy systems and the buildings as well as a lack of multi-objective optimization using total
systems life cycle assessment as a criterion. The novelty this paper aims to provide are:

e The optimization of an energy system coupled with the buildings’ thermal behaviors,

e The optimizing a grid-connected PV/FC/EC/battery cogeneration system with high time
resolution,

e The analysis of the change in sizing philosophy caused by optimizing on life cycle greenhouses
emissions instead of operation life emissions.

For this, the following objectives needed to be accomplished:

e Model a residential district electricity, hot water, space heating and cooling demand high time
resolution,



Model a district size grid-connected PV/FC/EC/battery cogeneration system to meet these
demands,

Fully couple the energy systems with the building’s thermal behaviors,

Conduct a multi-objectives optimization of the energy systems on the total system cost and
the total system life cycle greenhouse emissions,

Investigate sizing philosophy that transpires from the optimized configurations.



2. Method

2.1. Residential load modeling

With the goal of achieving high-resolution load modeling that can be coupled with the multi-energy
system, the choice was made to base the work on the model created by the Centre for Renewable
Energy Systems Technology (CREST). This model is widely used in the literature and is available as an
open-source VBA code. The developed model is based on statistics to stochastically produce scenarios
of occupancy and consumption in the house [26]. This research group have been improving the model
incrementally since the first publication in 2008. Initially, only a domestic occupancy model, it then
evolved into an electricity demand model, and with the introduction of a thermal part (heating and
more recently cooling), it finally became an energy domestic demand model [26, 27, 28, 29].

The model produces load curves that are both coherent and high resolution. They are coherent
because all the profiles are dependent on each other, which means that, for example, when solar
irradiation decreases, a simultaneous decrease in PV production and an increase in demand linked to
lighting and space heating happen. High resolution is achieved because the profiles have a one-minute
time step, allowing for a more precise consideration of the buildings and system’s components
dynamics.
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Figure 1. Electric load generated from the model with a few selected appliances

For the electrical part, the model stochastically constructs behavior patterns (occupancy, appliance
usage, lighting usage, heating/cooling habits, etc.). These patterns, combined with appliance and
lightbulb characteristics, produce a stochastically created electrical load profile (Fig. 1).

For the thermal part, the CREST model uses a gray box approach. Fig. 2 summarizes the thermal model
[26]. The gray box model provides the temperature evolution of the house with a one-minute
resolution. This evolution determines the gas or electricity consumption of the heating/cooling
appliances. The gray box model approach leads to fast computation and therefore allows the coupling
of the thermal model with the hydrogen cogeneration systems. Thus, the impact of the hydrogen
system on the house's thermal behaviors is studied in the present work.
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Figure 2 — Thermal part of the CREST model, from [26]

For the need of the present study, the CREST model was reimplemented from Excel VBA to the MATLAB
environment. Modifications were made to allow the program to run over a specified time duration
instead of only one given day, which is essential for studying the continuous behavior and energy
exchange dynamics that may occur after several weeks. This also reduces the impact of the artifacts
present in the first simulation's time steps due to initialization and avoids discontinuity between days.

To achieve this, the entire time loop was altered to stop after a chosen number of iterations instead
of 1440 for each minute of the day. The external temperature modeling is most impacted by these
changes. While the reference model calculates overnight cooling using the maximal and minimal
temperature of the day D, the modified model now uses the maximal temperature of the day D and
the minimal temperature forthe next day D+1 to avoid discontinuity at midnight.

The heating systems modeling was also modified to replace the boilers with heat pumps, with a
coefficient of performance (COP) variation according to Fig. 3 (data from [30] for an operating
temperature of 55°C). Additionally, the model includes coupling with the hydrogen and battery
systems. To enable this coupling, changes were made in how the model estimates the maximal power
available for heating. In contrast to the reference model, where the total available power for heating
was the maximum power of the building heating equipment, in this model, it now increases depending
on the fuel cell production.

The building’s parameters originate directly from the CREST model and thus represent medium-
sized one-family detached houses situated in Great Britain. Table 1 summarizes the parameters. To
simulate the whole neighborhood load, 100 different houses are modeled with the stochastic model.

Table 1 — Houses Parameters and resulting consumption

Parameter Value Reference
Houses area 136 m? [26]
Resident number 1to5 [26]
Climate zone Warwick, UK [26]
Isolation Default CREST isolation [26]

Average appliances consumption

Average lighting consumption

3298 kWh/year
725 kWh/year




Average hot water consumption 2449 kWh/year

Average space heating consumption 89.6 kWh/year/m?

Average space cooling consumption 19 kWh/year

Heat pump heating capacity 23.50 kW [30]
Heat pump nominal COP 4.3 [30]
Heat pump nominal EER 4.2 [30]

The thermal load of habitations can be fulfilled by either electrical systems like heat pumps, thermal
systems like natural gas boilers or even by an urban heat network. In the current study heat pumps
and the fuel cell will fulfill the thermal load. Thus, without the multi-energy system, the buildings
modeled get their energy only from two sources: the electrical grid and the production of PV panels.

® 5 | —Fitted curve
S ACOP data
=

S4

o)

o

O3

C

0

O

E oA COP=0.001603T2+0.075023T+3.007533
@)

N
o

-15 -10 -5 0 5 10 15 20

Outdoor temperature (°C)
Figure 3. Heat pump COP depending on outdoor temperature, data from [30]

2.2. Muulti-energy system modeling and operational strategies

2.2.1. Architecture

The system is placed at a district level and interacts with the 100 houses. It provides electricity and
heat to the buildings using the overproduction created by the PV panels during the day. This
overproduction is absorbed in two loops: the battery loop and the hydrogen loop. The battery loop is
simply composed of the battery that is charged or discharged depending on the available electricity.

The hydrogen loop is more complex and is composed of three major subsystems and their auxiliaries.
First, the electrolyzer produces dihydrogen from electricity and water, then the hydrogen tank stores
this dihydrogen. Finally, the fuel cell uses it to produce heat and electricity that is transmitted to the
building via a heat network and an electricity network. Fig. 4 details the link between the components
and the power and heat converter used in the systems.
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2.2.2. Models

To enable optimization within a realistic time frame, fast computing is essential. Therefore, opting for
simplified models for all elements, with a focus on system efficiency, quantifying losses in the systems
and the consumption of auxiliaries, becomes crucial.

2.2.2.1. Photovoltaic Panels
The calculation of PV panel production was modified compared to the base CREST model to
incorporate the effect of the panel’s temperature on efficiency. The panel efficiency is modulated
according to the model used by Arsalis et al. [12]. Eqg. 1 calculates the change in efficiency with
temperature based on the panel's maximum power point efficiency temperature coefficient (uy,y,).
Temperature is estimated using irradiance and panel characteristics (Eq. 2). Finally, the power
produced with the modulated efficiency is given by Eq. 3.

Npv = Mpv,ref (1 + Hmp (Tpanel - Tamb,NOCT)) (1)
T —-T G
panel amb _ (1 - npv,ref) 2)
TNOCT - Tamb,NOCT Gref 0.9
va = Apv,array G- Npv (3)

2.2.2.2. Electrolyzer
The electrolyzer absorbs electricity to convert water into hydrogen. The model, based on the work of
Ghenai et al. [31]. For a given power, the corresponding hydrogen mass flow rate is calculated with the
higher heating value and the electrolyzer's efficiency (Eq. 4). The efficiency varies with the load factor
of the electrolyzer according to the curve in Fig. 5 extracted from [32].

tig _ Nec- Pec

2,prod HHVH2

The electrolyzer produces hydrogen at a pressure of 50 bars. The compressed hydrogen tank stores

the hydrogen at this same pressure. Therefore, additional energy losses associated with hydrogen
compression or the hydrogen tank, in general, are not considered.

(4)

2.2.2.3. Fuel cells
Fuel cells utilize stored hydrogen to generate electricity and heat. The electricity and heat production
of the fuel cells is modeled using an approach similar to that of Ranjbar and Kouhi [33] but with
different efficiency data. The load curve employed in this study is illustrated in Fig. 6 and is adapted
from [34]. In their research, a part-load curve is utilized to determine the electrical and thermal
efficiency of fuel cells for a given load factor. For a specified electrical or thermal power requirement,
Eg. (5) and (6) provide the hydrogen mass consumed using these efficiencies.

m _ Pelec,FC (5)
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Constraints are applied to the hydrogen component's operation to simulate the dynamic limitations of
real-life systems. Firstly, the electrolyzer and fuel cells operate within a specific load range; if the power
provided/needed is too high, these components only absorb/provide power up to their limits.
Similarly, if the power provided/needed istoo low, the systems will not function, and the electrical grid
or the battery will need to compensate.

Secondly, the electrolyzer and fuel cells dynamics are modeled with four phases: start-up, operating,
standby, and shutdown. These phases introduce a delay between the time when the systems are
activated and when they become fully operational. Although these phases constrain the reactivity of
the systems, the power consumption associated with these phases is disregarded. The number of start-
stop cycles negatively impacts the aging of such systems [35, 36], emphasizing the importance of
minimizing these cycles. To achieve this, a standby time of one hour is implemented for the electrolyzer
to delay the shutdown cycle in case excess power rises again above its minimal threshold.

To enhance system dynamics and mitigate the impact of these effects on performance, proton-
exchange membrane (PEM) fuel cells and electrolyzers are chosen. This technology allows for a
broader load range and shorter start/stop cycles compared to other commercial technologies (solid
oxide, alkaline) [37]. Additionally, these technologies feature faster power ramping, enabling them to
accommodate the highly variable residential load and PV production.

2.2.2.4. Battery
The battery serves the dual purpose of storing and providing electricity, leveraging its superior
dynamics and load flexibility to balance the system. The model is based on the work of Ghenai and
Bettayeb [15]. The battery's state of charge (SOC) is determined at each time step using the previous
SOC and the energy charged and discharged during the time step (Eg. 7). To enhance battery lifetime,
discharge is limited to a specified depth of discharge (Eq. 8). Additionally, the maximum charge and
discharge power of the battery are constrained (Eq. 9 and 10).

Ncharge * Pbat,charge * At _ Ndischarge * Pbat,discharge * At (7)

SOC(t) = SOC(t— At) +
( ) ( ) thf thf

{ SOCppin < SOC <1 @)
SOCpin = (1 —DOD)

0 < Pbat,char‘qe < Pbat,max (9)
0< Pbat,dischar,qe < Pbat,max (10)

Inline with existing literature, the parameters for these models are established, and a concise overview
is provided in Table 2. Five values are not defined in this table and correspond to the optimization
variables: PV size per houses, fuel cells/electrolyzer nominal power and the storing capacity of the
battery/hydrogen tank.

Some of these values can be commented. A state-of-the-art PEM electrolyzer can handle loads ranging
from 0 to 120% of its nominal power and start in around 20 minutes [38]. However, aligning with the
designated reference electrolyzer [32], the decision is to utilize it for loads ranging from 25 to 100%,
incorporating a start-up time of 30 minutes. The chosen start-up time for the PEMFC is intentionally
greater than reported in [37] to account for the thermal inertia.



Table 2 — Hydrogen CHP system parameters

Parameter Value Reference
PV area To optimize

PV nominal efficiency 16.9% [11]
PV slop 40°

PV direction South

PV efficiency temperature coefficient -0.38%/°C [11]
Electrolyzer nominal power To optimize

Electrolyzer efficiency 65-75% (cf. Fig. 5) [32]
Electrolyzer load range 25-100%

Electrolyzer start-up delay 30 minutes

Electrolyzer shutdown delay 11 minutes

Fuel cells nominal power To optimize

Fuel cells electric efficiency 20-30% (cf. Fig. 6) [34]
Fuel cells thermal efficiency 15-45% [34]
Fuel cells load range (electric) 13-100% [34]
Fuel cells start-up delay 5 minutes

Fuel cells shutdown delay 0 minutes

Hydrogen tank capacity To optimize

Battery capacity To optimize

Battery Depth of Discharge 80% [39]
Battery max charging rate 1C

Battery max discharging rate 1C

Battery charge efficiency 92% [39]
Battery discharge efficiency 92% [39]
DC/DC converter efficiency 95% [40]
DC/AC converter efficiency 95% [40]
Heat exchanger efficiency 85% [41]
Heat network efficiency 80% [42]
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2.2.3. Strategies

At the system level, habitations prioritize self-consumption. Consequently, energy generated by
photovoltaic panels is initially allocated to meet the buildings' requirements. If there is surplus energy,
the storage loop (comprising the electrolyzer and battery) comes into play to store the excess.
Conversely, if production falls short, the destocking loop (involving the fuel cell and battery)
intervenes. In case of excessive demand, electricity from the national electrical network supplements
the shortfall.

At the component level, the system requires rules to determine which component absorbs or provides
energy at a given moment. While the study does not necessitate a formal control system, operational
strategies need to be established.



An essential decision involves choosing whether the fuel cells address electrical or thermal needs first.
Typically, combined heat and power systems (CHP) prioritize heat demand. However, research by
Romdhane and Louahlia-Gualous suggests that, for PEMFC, an electrically led system yields better
economic results [41]. Thus, this approach is adopted, leading to instances where the fuel cell produces
heat when it may not be immediately needed. This heat is sent to the buildings’ hot water storage if
their temperature is not already too high and discarded otherwise.

Another consideration is determining which component (fuel cells, electrolyzer, and battery) responds
first when energy is needed or provided. Based on the results of Monforti et al., a battery priority
strategy is chosen, as the results indicate that it yields better economic results for a battery and
hydrogen system providing electricity to a building [43].

For the destocking part, a battery priority approach is employed based on these results but also to
solicit the fuel cell for shorter duration. This strategy also facilitates using the fuel cells at power closer
to nominal by recharging the battery simultaneously, as providing energy to the building which
contributing to better fuel cell aging [36].

To maintain consistency, the stocking operating strategy also prioritizes the battery over the
electrolyzer. Inthis case, the electrolyzer only activates once the battery has reached a sufficiently high
state of charge (SOC).

The chosen strategy flow chart is shown in Fig. 7. Generally, the system operates by testing component
availability. If multiple systems are available, the battery takes priority. If one system alone cannot
absorb or provide the required power, others assist if possible. In cases where needs cannot be entirely
met, the remaining energy is provided by the grid. Conversely, if energy cannot be fully absorbed,
surplus electricity is assumed to be discarded into the grid, with the amount discarded varying
depending on component sizes.

The system deviates from this functioning in two cases to mitigate hydrogen system dynamics. Firstly,
when the battery is nearly fully charged (>85%), half of the electricity is shared with the electrolyzer to
facilitate a smoother transition/start-up. Secondly, when the fuel cell is already operational, it
continues running until the battery is almost full (>80%) to reduce the frequency of fuel cell ON/OFF
transitions.



2.3. Optimization

Figure 7. Flow chart of the operation strategies
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The optimization involves 5 variables (fuel cell power, electrolyzer power, tank size, battery size, and
PV area) and 2 objectives: cost and greenhouse gas emissions. For a given configuration, performance
testing is conducted over one year. Simulations start on the 15th of April, considered as the end of the
heating season, corresponding to a time when the hydrogen tank is at its minimum (no storing
between years is considered). The cost and emission performances of the system are estimated using
the following methodology.

2.3.1. Cost objective

Table 3 — Cost optimization parameters

System Investment?® Lifetime O&M (per year) Ref.

Electrolyzer (PEM) 1523€/kW 20 years 3% investment [44, 39]
Fuel cells (PEM) 2500€/kW 10 years 3% investment [37, 39]
Hydrogen tank 690€/kgn3 20 years 3% investment [45, 39]




Battery (Li-on) 550€/kWh 10 years 0% investment [39]

PV (monocrystalline) 1670€/kWp 20 years 3% investment [39]
DC/DC converter® 900€/kW 33 years 3% investment [39]
Electricity cost 0.221€/kWh [46]

a: Cost converted to euros and with inflation included for oldest values
b: Only for the fuel cells because all other power electronics are included in their respective system
price

For economic performance, on one side, the calculation is needed to determine the cost of a given
configuration of the systems. Eq. 11 calculates the capital expenditure (CAPEX) asthe sum of the initial
investment of all systems considered and the sum of all replacement costs. Additional costs are
considered for all systems with lifetimes less than 20 years (fuel cells and battery). Those replacement
costs are equal to the investment cost times the number of replacements needed for a global system
lifetime of 20 years.

Eg. 12 calculates the operating expenditure (OPEX) as the sum of the yearly operation and
maintenance cost (O&M) forthe global system lifetime (20 years). By adding the CAPEX and the OPEX,
the total cost of the system for its lifetime is obtained (Eq. 13). In this economic analysis, parameters
such as the interest rate, inflation rate, tax credit are neglected.

On the other side, expression of the economic gain that a configuration creates by providing the
buildings with electricity and heat is needed. For that goal, heat and electricity balances are expressed
for all buildings at each time step. First for the heat side, only the fuel cells provide direct thermal
energy. The power deficit is thus the result of the power balance between the 100 buildings’ needs
(space and water heating) and the fuel cell production (Eq. 14). If there is still a need for heat in the
buildings, the heat pumps will have to provide the rest and thus increase the electric load. On the
contrary, if there is too much heat produced, this heat will be absorbed in the hot water tanks if
possible or discarded if not (Eq. 15). The useful heat provided is thus the difference between the yearly
production of the fuel cells and this discarded heat (Eq. 16).

Then for the electricity part, all the components of the system intervene (photovoltaics panels,
electrolyzer, fuel cells, and battery). The buildings’ electrical demand is composed of the power
consumption of appliances, lighting, cooling, and the heating electrical load previously calculated (Eq.
17). The demand is compared to the production/absorption of the 4 components to obtain the
electricity deficit (Eg. 18). Only when the system cannot completely address the building demands is
the electric network called to provide the rest (Eq. 19). On the other hand, if there is too much
production, the electricity is discarded. The electric energy directly provided by the system is then
obtained with the difference between the building electricity demand and the energy provided by the
electrical network (Eq. 20).

Finally, these calculations are used to estimate how much saving the system provides. Because the
buildings’ heating systems use electricity, both gains correspond ultimately to electricity gains.
Thermal and electric gains are thus grouped into electricity gain using the heating systems’ parameters
(Eg. 21). Then, these electricity gains are transformed into economic gains with the electricity tariff,
assuming that for the 20 years of its lifetime, the system will provide the same electricity gain each
year (Eqg. 22).



In the end, both electric and thermal energies are combined in Eq. 23 to obtain the system’s economic
performance with the difference between the total cost and the economy saving estimated for the 20
years of its lifetime. Table 3 gathers all the parameters used in these equations.

The values originate from literature articles and reports from international agencies. They are in
accordance with the ranges defined by international agencies and reported in [47]. The cost of the
urban heat network is not considered. The fuel cell cogeneration produces only a small fraction of the
buildings’ heating needs. An actual heat network would serve as a carrier for a larger heat quantity
provided by a myriad of other possible heat sources: natural gas, biogas, waste incineration, industrial
heat recovery... This is thus considered as already present.

CAPEX = z Cinv,sys + Z Crep,sys (11)
systems systems
OPEX = Lifetime * Z Cogm,sys (12)
sytems
Ciots = OPEX + CAPEX (13)

Pdeficit,ther = Phot_water + Pspace_heating - PFC,ther

-

=0 - Pdiscard,ther =0; Pheating,elec = Pdeficit,ther / COPhp

Pdeficit,ther > Pabsorb,hw - Pdiscard,ther = _Pdeficit,ther absorbable
<0 - _Pdeficit,ther
< Papsorb ,mw = Paiscara,ther = 0

Hprov = (PFC,ther - Pdiscard,ther) * At

Pdemand,elec appliances + Plighting + Pcooling + Pheating,elec
Pdeficit,elec = Pdemand,elec + Pbat,charge + PEC - PPV - PFC,elec - Pbat,discharge

>0 - Pgrid,elec = Pdeficit,elec

Pdeficit,elec
<0 - Pgrid,elec = O;Pdiscard,elec = _Pdeficit,elec

Eprov,direct = (Pdemand,elec - Pgrid,elec) * At

Eprov,total = Z (Eprov,direct + Hprov / COPhp)

year

Gcost = (Eprov,total * Etariff) * Lifetime

Objcost = Ctotal - Gcost

(14)

(15)

(16)

(17)
(18)

(19)

(20)

(21)

(22)

(23)



2.3.2. Carbon emission objective

Table 4 — Carbon emissions optimization parameters

System Carbon intensity Ref.
Electrolyzer (PEM) 29.4 kgCO,-eq/kW [48]
Fuel cells (PEM) 30 kgCO,-eq/kW [49]
Hydrogen tank 200 kgCO,-eq/kgn> [50]
Battery (Li-on) 137.34 kgCO,-eq/kWh [51]
PV (monocrystalline) 2113 kgCO,-eq/kWp [52]
Electricity average 0.247 kgCO5-eq kWh [53]

The emission analysis follows a similar approach as in the cost analysis. Utilizing the parameters in
Table 4, the system's life cycle impact on greenhouse gases is calculated, considering the individual
components' impacts and the impact of component replacement necessary for a 20-year lifetime
(Eq. 24).

Life cycle assessments are less common than cost analysis, which makes the data for life cycle
emissions scarcer than cost data, especially for hydrogen systems, and the data collection more
challenging. Therefore, values from sources using different calculation methodologies are employed.

For assessing the emission reduction of the system, the total energy provided by the system is utilized
(Eg. 25). This time, instead of a fixed rate, the carbon intensity of the electrical grid will vary through
each hour of the year based on the data from the British grid [37]. Finally, the system's performance
regarding greenhouse emissions is obtained by the difference between the life cycle emissions of the
systems and the emissions it prevents (Eq. 26).

24
Emtotal,sys = Z Eminv,sys + Z Emrep,sys (24)

sytems sytems

Emprevented = Llfetlme * Z (Eprov,total * Emelec)

year

(25)

Ob]emission = Emtotal,sys - Emprevented (26)

2.3.3. Multi-objective optimization technique

To create the optimization setup, all the model’s components are calculated independently from the
hydrogen systems (Climate, PV, appliances, lighting, cooling...). This allows for faster computing and
isolates all the stochastic parts of the CREST model outside of the optimization.



For the optimization itself, two mono-objective optimizations are initially performed to identify the
best relative configuration. Due to the high resolution (1 minute) and the duration of the simulation (1
year), the objective function is time-consuming. Hence, the MATLAB surrogate optimization tool is
utilized. This algorithm uses a surrogate of the objective function constructed by a radial basis function.
The surrogate minimizes the required number of function evaluations, which is crucial for time-
consuming objective functions [54].

Subsequently, these relative optimums serve as starting points for the MATLAB multi-objective elitist
genetic algorithm to obtain the Pareto front. To achieve a more comprehensive Pareto front, dominant
points are extracted from all generations rather than just the last one. If there are still clear non-
optimal configurations, such as those with one hydrogen component but not the others, those points
are reevaluated without all hydrogen components.



3. Results and discussion

In this section, the results of the optimization are presented, displaying the population output of the
genetic algorithm and comparing those results to the literature.

3.1. Pareto front

The results of the multi-objective optimization are shown in Fig. 8 in the form of a Pareto front. The x-
axis represents the cost remaining after 20 years. A negative economic impact means that the system
brings an economic gain compared to using grid electricity. The y-axis represents the amount of CO,
equivalent the system will create forits entire life cycle. A negative impact means the system will avoid
more emissions than it will create. Each point on the graph represents a dominant configuration.

The figure also contains a comparison to a Pareto front created using a direct multisearch optimization
algorithm. This second algorithm gives similar results but does not capture the full range of the Pareto
front, especially on the CO; side, ignoring all configurations using hydrogen systems. Only the genetic
algorithm results are presented in the following sections.

The economic performances of the systems after 20 years, compared to simply using the electricity
grid, range between a gain of 304 k€ and an over cost of 1.42 million euros. For the emission side, all
the configurations bring an emission reduction, with performances ranging between 555 and
1284 tonnes of CO, equivalent. This highlights the high carbon intensity of the UK grid compared to
what can be locally produced by PV power independently of the energy storage configuration. On the
other hand, not all configurations bring economic gains, illustrating the importance of carefully sizing
this type of district-sized systems.
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Figure 8. Pareto front



3.2. Mono objective optimums

3.2.1. Economic optimum

The optimal economic solution consists only of a 35.44 kWh battery and 1120 m? of PV panels shared
among the habitations (Table 5). This configuration, after 20 years, corresponds to a total investment
of 545 k€ and provides electricity savings equivalent to 42.4 k€ per year. Thus, it brings an estimated
economic gain of 304 k€ after 20 years. This system also allows fora non-negligible emission reduction
of 555 tonnes after 20 years by locally producing around 23.2% of the buildings’ energy needs.

The configuration's operation during a typical week is illustrated in Fig. 9. The graph represents the net
demand, where a positive net demand indicates that the buildings need energy, and a negative one
means the PV production exceeds the demand. For this configuration, only the battery and the grid
respond to the demand side, and only the battery absorbs the overproduction side.

The PV size provides enough electricity to meet the energy needs only during periods of significant
irradiation. Hence, during the summer and transition seasons (fall and spring), the PV covers daytime
needs, while the battery balances the system when irradiation decreases during the daytime or, on the
sunniest day, provides energy in the early evening. Conversely, during winter, the buildings absorb all
the PV electricity, but it is insufficient to meet their needs, leaving the battery mostly empty.

Overall, this very small system only meets the demand for a few hours during the daytimes. These
results indicate that PV panels can compete with UK grid prices even without storage options.
However, the storage options do not compete and are thus reduced by the optimization to smaller
sizes compared to the nighttime needs.
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Figure 9. Power balance for cost optimum in May
3.2.2. Emission optimum
On the emission side, the optimal solution consists of a 40 kW fuel cell, a 285 kW electrolyzer, 43.3 kg

of dihydrogen storage, a 1133 kWh battery, and 3435 m? of PV (Table 5). This configuration allows,
compared to total grid usage, for an emission reduction of 1284 tonnes after 20 years, which



corresponds to local production of around 66.5% of the buildings’ energy needs. It also corresponds,
after 20 years, to a total investment of 3855 k€ and brings an electricity economy equivalent to 122 k€
per year. Thus, resulting in an estimated over cost of 1421 k€ after 20 years. Together, this means a
price of 1107 euros per tonne of CO, equivalent.
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Figure 10. Power balance for emission optimum in a typical week

Fig. 10 illustrates the power balance for the emission optimum for three typical periods and the tank
and battery evolution throughout the year. This configuration has a larger PV size than the cost
optimum, leading to higher overproduction during daytimes. This overproduction is not significant
enough in winter to completely charge the battery, so the system only meets a fraction of the
nighttime demand. Insummer, the longer daytime and lower demand allow the battery to fully charge
and meet the nighttime demand. The hydrogen systems are thus only utilized during the transitional
seasons when they act as supplementary storage capacity.

Overall, this indicates that the storage option competes with the grid, emission-wise, for meeting
electricity and hot water loads. However, none of the storage options (battery and hydrogen) compete
for the winter space heating load. This includes the fuel cell, even though it produces heat directly by
cogeneration. It may be due to the amount of losses in the thermal loop, especially in the district heat
network.

Throughout the year, the system provides 65% of the district's electricity and heat needs. This means
that replacing more of the grid electricity, either by increasing energy storage (battery, hydrogen tank,
battery) or the system's output power (PV, fuel cell, battery), is not environmentally interesting in
terms of life cycle emissions.

3.2.3. Medium cost optimum

The entire set falls between these two optima. The closer a configuration is to the cost optimum, the
smaller its components are; conversely, the closer it is to the emission optimum, the larger the
components become. An interesting point between the two optima is the medium-cost point, namely
the point in the middle between the most and least expensive configurations, as at that point, more
than 90% of the emission reduction potential is already achieved.



In the Pareto front, this point represents a configuration with a 10.3 kW fuel cell, a 49.6 kW
electrolyzer, 21.5 kg of dihydrogen storage, a 1103 kWh battery, and 3204 m? of PV (Table 5). It caters
to around 63% of the building’s needs. This configuration is similar to the emission optimum but scaled
down. Thus, the net cost of the system is much lower at around 563 k€ and performs only slightly
worse on the emissions side, around 1260 tonnes of CO, equivalent (98% of the emission optimum).
This results in a cost of 447 euros per tonne of CO; equivalent.

It is noteworthy that even though the sizes of the components differ significantly from the emission
optimum, the difference in emission gain is rather small. This is due to the fact that the easiest part of
the load is already met (sunniest day, day without heating, etc.). Thus, even for a small increase in the
proportion of the energy provided by the system, a substantial investment is necessary. This
configuration offers a trade-off between the two criteria but is still rather expensive, like all
configurations with significant hydrogen system sizes. On the other hand, configurations using only PV
and battery achieve good economic performances but are not able to achieve high emission gains,
mostly because solar gains are small in winter, and a bigger battery storage leads to more CO; life cycle
emissions.

Table 5 — Cost optimization parameters

System Cost optimum 50 % cost Emission optimum
Fuel cells (PEM) 0 kw 10.3 kW 39.7 kW
Electrolyzer (PEM) 0 kw 49.6 kW 285.1 kW
Hydrogen tank 0 kgn2 21.5 kgna 43.3 kg2

Battery (Li-on) 35.44 kWh 1103 kWh 1133 kWh

PV (monocrystalline) 1120 m? 3204 m? 3435 m?

Economic performances -304 k€ 563 k€ 1421 k€

Emission performances -555 tCO;-eq -1260 tCO;-eq -1284 tCO;-eq




3.3. Population composition

3.3.1. Components’ sizes
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Figure 11. Economic performances in regard to the optimization variables (components sizes)
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Fig. 11 and 12 show the economic and emission performances, respectively, depending on the size of
the system components for all dominant solutions found. The results are highly specific to factors such
as building types, climate, and heating system usage, among others. However, trends can be discerned
from them.

On the economic side, an increase in the size of the components related to the hydrogen loop (fuel
cells, electrolyzer, and hydrogen tank) translates to a decrease in economic interest. For the battery
and PV, the results converge around the values presented above. Configurations with sizes below are



non-Pareto efficient, and sizes above are less economically interesting. Overall, both energy storage
options do not perform well economically, and direct PV usage is almost the exclusive energy source
for the best-performing configurations cost-wise.

In terms of emission performances, an increase in the size of the fuel cells and the electrolyzer strongly
improves performances until a value around 10 kW and 100 kW, respectively, after which it only
improves marginally. The cutting point is less clear in the hydrogen tank case, but configurations with
a tank size between 15 and 45 kg of dihydrogen seem to bring similar emission performances. For the
PV and battery, the performances decrease faster until the values presented in the emission optimum
values above do not bring better performances in the economic and emission size.

The value of using life cycle emission analysis instead of optimizing only on the emission during
operation is evident here. The component sizes increase until arriving at a balance between the system
emission in its early and end of life and the emission reduction during operation, at which point the
emission performances stop improving. On the other hand, in an operation emission optimization, the
system sizes would increase until most of the carbonate grid electricity is replaced by locally produced
energy, disregarding the negative environmental impact that producing and dismantling such a large
system would bring. This balance is linked to the UK electricity grid emission intensity and would
drastically change from one energy mix to another, like if another country's electricity grid is
considered or if fossil fuel (gas, diesel, etc.) is used for heating.

3.3.2. Cost of energy

Cost of energy is an economic criterion widely used in the literature. However, it is an index that can
provide an incomplete view of cost performances because it does not necessarily reflect the quantity
of energy provided by the system. In an off-grid design or a design with an autonomy goal, the energy
quantity provided is already constrained. But it would not be the case here. Thus, the energy provided
by the grid is also included in the cost of energy.

The cost of energy, including energy provided by the system and by the grid, ranges in the study from
0.203 €/kWh for the cost optimum to 0.307 €/kWh for the emission optimum. The prices of energy
vary significantly depending on the type of components used in the study, technology data used, size
of the demand, economic assumptions made, electricity rates, etc.

Comparing the results with two multi-optimization study presented in the introduction. Gabrielli et al.
find, for the cost optimum, an average cost of energy of 0.07 €/kWh and, for the emission relative
optimums, an average cost of energy of 0.5 €/kWh [13, 14]. Compared to the results, a lower floor for
costs of energy is observed. This is due to the use of configurations with a gas boiler, whereas heat
pumps are used as the default option and the use of gas boilers is discarded, bringing a higher cost of
energy floor.

Arsalis et al. conduct a technoeconomic analysis of a PV/EC/FC system [12]. The selected configuration
consists of a 584 kW electrolyzer, a 92 kW fuel cell, and a 21-ton hydrogen storage unit The resulting
cost of energy is 0.216 €/kWh. This cost is notably lower than the figure calculated, in the present
study, for systems utilizing hydrogen components. The variance arises from the comprehensive
economic analysis conducted, encompassing cost reductions such as capital depreciation, tax credits,
loan interest deductions, and salvage value. The combination of these four cost reductions reduces
the effective life cycle cost of the system to approximately 35% of the total system cost, thereby
significantly lowering the cost of energy.



3.3.3. Systemsstructures

Overall, looking at both objectives, several observations can be made. Beyond 35 m? of PV per house,
performances decrease in terms of both cost and emission because it generates excess electricity, and
storage options are not competitive. Fuel cell sizes are almost always smaller than electrolyzer sizes by
a ratio close to 6.3 (for fuel cell sizes above 1 kW). Seasonal storage does not perform well with both
criteria, and only configurations with no or relatively small hydrogen storage appear in the Pareto set.
In this specific case study, the best use for hydrogen systems is to serve as a balance during transitional
seasons, not to store energy to meet winter demand. With the considered parameters, neither
hydrogen nor battery storage options have good enough life cycle emission performances to provide
environmentally relevant seasonal storage.

Thus, none of the configurations in the Pareto front can completely meet the high winter load created
by the increase in space heating needs. This means that the component sizes necessary to address the
space heating needs all year long do not provide enough economic and emission gains to compensate
for their life cycle cost or emissions. This result heavily depends on the comparison of the system
performances to heat pumps, which answer the heating load more efficiently than gas boilers.

Even in configurations with the largest fuel cells, no heat is discarded throughout the year. The
optimization algorithm reduces discarded heat, suggesting that fuel cell-based system performances
are only interesting if all the produced heat can be used directly or stored. Since centralized thermal
storage is not considered, the heat storable is dependent on the size of the houses' hot water storages
and cannot adapt to larger fuel cell sizes. Testing configurations considering centralized heat storage
could be interesting.

Comparing the systems structures with a multi-optimization study presented in the introduction
Gabrielli et al. find a cost relative optimum that uses only a heat pump, a gas boiler, and centralized
heat storage, and an emission optimum that uses a heat pump working with a PV/EC/FC/Bat system
and centralized heat storage [13, 14]. Gabrielli et al. reach similar results as the present study on the
hydrogen systems being useful for emissions reduction but not for cost economies. However, the size
of the hydrogen systems used for the emission optimum is superior to the ones found in the present
study. This difference may be due to not considering the use of centralized heat storage and only
storing heat in limited capacity inside the houses' hot water storages. With a smaller heat storage
capacity, the benefit of a cogeneration system decreases.

In contrast to the present results, Gabrielli et al. find interest in using seasonal hydrogen storage
regarding the operation emission criteria. This highlights the different design philosophy between
using only operation emissions and using whole life cycle emissions as in the present paper. Optimizing
on the complete life cycle emission will penalize larger hydrogen tanks necessary for seasonal storage:
a larger tank will allow the systems to avoid more emission during operation but will also cause more
emissions related to material extraction, assembly, transport...

Naumann et al. observed that in the life cycle analysis of residential hydrogen-based energy storage,
the production of hydrogen tanks is the primary source of emissions [25]. The multi-objective
optimization presented here confirms this and goes further, demonstrating that this substantial life
cycle impact plays a pivotal role in the future environmental viability of hydrogen-based seasonal
storage systems.



4. Conclusion

The goal of the present work is to model and optimize the cost and greenhouse gas emissions of a
residential district multi-energy system to highlight sizing rules. For this purpose, a widely used
residential load model was re-implemented and modified to produce a district load composed of an
aggregation of 100 single-family houses loads. A grid-connected multi-energy system, consisting of PV
panels, a battery, an electrolyzer, a hydrogen tank, and a fuel cell, interacts with the load simulation
and addresses the district's heat and electricity needs.

The multi-objective optimization creates a set of dominant configurations. In this set, all configurations
result in an emission reduction compared to complete grid reliance. This means that a large set of
different PV/EC/FC/battery configurations can compete with the grid in terms of emissions. However,
only configurations based solely on PV and battery are cost-efficient. Thus, adding hydrogen systems
improves emission performance but worsens cost performance. Overall, the present sizes of hydrogen
systems depend mostly on how much emphasis is put on reducing greenhouse emissions. An
interesting configuration is composed of 32 m? of PV per house, a 10 kW fuel cell, a 50 kW electrolyzer,
21.5 kg of hydrogen storage, and 1100 kWh of battery storage. It can provide around 63% of building
needs, bringing an emission gain of 1284 tonnes of CO; equivalent after 20 years.

Optimizing based on system cost and life cycle greenhouse gas emissions underlines noteworthy sizing
principles. Firstly, it shows that providing the total energy demand is not pertinent in this grid-
connected case, given the significant life cycle emissions impact of the systems that would be required
compared to the grid carbon intensity. The best-performing configuration on the economic side
provides around 23% of the total energy and around 65% for the emission side. Locally producing the
other 35% does not seem relevant compared to the considered base energy sources (all electricity and
heating needs met by the UK electricity grid). Life cycle emission analysis also highlights that none of
the storage options (battery and hydrogen) show good prospects for seasonal energy storage. The
analysis identifies hydrogen tank life cycle emissions as a major bottleneck for the relevance of
seasonal hydrogen storage in enhancing residential sustainability. Therefore, the future of seasonal
hydrogen storage is highly linked to the tank manufacturing emissions and the means of recycling
materials used.
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