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Abstract

The use of hydrogen gas as an alternative fuel to power en-
ergy systems has been a topic of research over the last few
decades and is currently gaining importance, even more
due to current circumstances related to decarbonise energy
supply. One focus of research is the use of hydrogen gas in
combined heat and power gas engines, as this type of en-
ergy conversion is known for its high efficiency. For this
reason, a cross-border project between France and Ger-
many is developing a living laboratory in the Upper Rhine
region to investigate the feasibility of hydrogen gas as an
alternative fuel in a holistic decentralised energy system!.
It consists of several energy components, including a poly-
mer electrolyte membrane electrolyser (PEMEC), gas en-
gine combined heat and power (CHP) unit, photovoltaic
(PV) panels, hydrogen storage, thermal and electrical en-
ergy storage. To enable and demonstrate multiple what-if
scenarios of possible variations of the energy system, a
simulation model was developed using Modelica. Users,
e.g. local authorities, landlords, businessman etc., of this
simulation model could utilize it as a decision support tool
for designing a carbon neutral energy system for their own
use. This paper describes the development of the model
and its application with real measured data from munici-
pal buildings in the city of Offenburg, Germany. The re-
sults indicate that the suitability of the model and the use
of hydrogen CHPs can be beneficial for this specific use
case.

Keywords: Hydrogen, HVAC, CHP, Electrolyser, Gas en-
gine, Cogeneration

1 Introduction

The primary motivation for undertaking these projects is
the ambitious objective to reduce greenhouse gas emis-
sions. Germany set goals to reduce these by at least
65% by 2030 and 88% by 2040, compared to 1990 lev-
els (Umweltbundesamt 2023b). These goals align with the
Paris Agreement and the Kyoto Protocol, forming part of
the climate protection strategies of the EU and the United
Nations. Given these targets, hydrogen is likely to play
a crucial role in the energy transition due to its potential
for carbon-neutral production. On 14" November 2023,

'For more information please visit this website: https://
co2inno.com
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Germany’s Vice-Chancellor Robert Habeck announced a
plan for a 9,700 km hydrogen network, set to start in 2024.
This network is part of the European Hydrogen Backbone
initiative, comprised of thirty-three energy infrastructure
operators with a vision for a climate-neutral Europe sup-
ported by a renewable and low-carbon hydrogen market
(Reuters 2023; European Hydrogen Backbone 2024). De-
spite the initiative’s early stage, concerns have been raised
about the inclusion of small and medium-sized locations,
with Offenburg, for example, not being connected to the
hydrogen backbone until 2035. Yet, Offenburg aims for
carbon neutrality, partly through hydrogen as a green en-
ergy carrier. Given that the city already operates gas en-
gine CHP units, an investigation into the feasibility of
transitioning them to hydrogen is required. When compar-
ing hydrogen-based gas engine CHP units with fuel cell
CHP units, both offer the advantage of no green house
gas emissions. While fuel cells have higher electrical effi-
ciency, gas engines often provide better thermal efficiency
due to higher combustion temperatures. Additionally, gas
engines benefit from shorter startup times and the capabil-
ity for modulation (Ellamla et al. 2015; Elmer et al. 2015).
The purchase, installation and operating costs of gas en-
gine CHP units are also generally lower (see (Danish En-
ergy Agency 2024)). To ensure a precise and practical in-
vestigation, measurement data concerning heat and elec-
tricity demand from five communal buildings were pro-
vided, which are located in Offenburgz.

This paper is structured as follows: Section 2 describes
the model considered in this study and the equations im-
plemented in the newly developed modules. Section 3
presents the validation of the model. Section 4 details the
construction, simulation and results of a case study using
the data provided by the city of Offenburg. Lastly, section
5 discusses the results and outlines future work.

2  Schematic Model Description

Wherever possible, open-source Modelica libraries com-
patible with OpenModelica were integrated to ensure the
software remains open-source. The Modelica Buildings
library was utilized for modeling PV systems, batteries,
and the grid (Wetter et al. 2014). For the heat pump, an

2The software is compatible with OpenModelica and will be pub-
lished here: https://github.com/IKKUengine
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empirical approach was adopted based on Ruhnau et al.
(2019) for both accuracy and to simplify programming.
This methodology allows for the selection between air-,
ground-, and water-source heat pumps, as well as between
floor heating or radiator heating. Additionally, a simpli-
fied thermal energy storage system was implemented to
facilitate easier control of the CHP units. This section
outlines the modeling methodology for gas engine CHP
units, PEMEC, hydrogen storage, compressors, and con-
trol strategies.

Table 1. Notation

Apem m Area membrane
CF Correction factor

E \Y% Operating voltage

Ey v Reversible cell voltage

Eqcr i kJ/mol Activation energy

F C/mol e Faraday constant

Leerr A Cell current

Jok A/m?>  Current exchange density at k

Jeell A/ m?  Current exchange density at
the anode or cathode

Jet A/m?>  Reference exchange current
density

LHYV; kWh/kg Lower heating value

M; kg/mol Molar mass of i
P w Electrical power
R J/(mol- Universal gas constant
K)
Roim Q Resistance
SocC State of Charge of the storage
T K Temperature in Kelvin
0; w Heat flow
V; Nm?/h  Volume flow
Vet \" Activation voltage
Veell \" Cell voltage
Veon \'% Transport voltage
Vohm \" Ohmic voltage
Vo \Y% Open circuit voltage
Vin \Y Thermo-neutral voltage
Y Minimum threshold
zZ Modulation of the CHP plant
m; kg Total mass of fuel needed
1 kg/s Mass flow rate
n; Count
Di Pa Pressure
Vi Stoichiometric coefficients
Ol Symmetry factor
Omem S/m Proton conductivity of the
membrane
v Relative difference
AG kJ/mol Gibbs free energy
AH kJ/mol Work enthalpy
10.3384/ECP20780
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2.1 Gas Engine CHP

Two different modelling approaches were carried out. The
first one being a gas engine CHP operating with a sta-
tionary heat and power output under nominal conditions.
Second, an empirical approach was used for a gas engine
CHP model that can follow a heat load up to a given max-
imum and minimum modulation. Both models are de-
signed for heat-driven operation, where sizing and oper-
ation are based on the heat demand of the consumer. This
is because heat-guided CHPs are the most common (Ar-
beitsgruppe Erneuerbare Energien-Statistik 2015, pp. 16—
17).

One of the most important key performance indices for
an gas eninge CHP are the utilisation hours 7. These will
help to evaluate the performance of the CHP later on and
is defined as:

_ Ecnpa
Pn()m

where Ecpp, is the energy delivered within one year and
Poom 1s the nominal power of the cogeneration unit. This
value can be calculated using either thermal or electrical
energy. In this paper only heat energy and power will be
considered due to the fact that the CHP is heat guided.

2.1.1 Stationary Gas Engine CHP Model

Normally, gas engine CHP units are running under nomi-
nal conditions. Excess heat is stored in a buffer tank. Elec-
tricity is either consumed, stored in the battery (BAT) or
fed into the grid. When the load is lower, the efficiency of
the CHP decreases, so a minimum threshold Y is set as a
turn-on condition, which by default is > 50 %:

T

ey

Y = Pth,dem

l)th,nnm ' (2)

where Py, gem 1s the thermal heat demand and Fyj, 01, 15
the thermal heat production of the CHP at nominal condi-
tions. In order to determine the fuel consumption, nom-
inal efficiencies are required. Thereby 71,; is the ratio of
the electrical power P,; and the fuel power Py:

Pel
el — 75 3
Nel Py (3)

and 1, — also called heat yield — is the ratio of the use-
ful heat output (thermal power) P, and the fuel power:

P

Py “)

MNin

Since the gas engine is able to be fueled with natural
gas, hydrogen, or gas- hydrogen mixture, the fuel power
is calculated by:

Py =Y iit;-LHV;, ®)

where ri1; represents the fuel mass flow rate of i repre-
senting CH4 or Hy and LHYV; is the lower heating value of



the fuel (compare table 2). The total mass of fuel required
can be determined as follows:

w:/mm ©6)

Table 2. LHV of different fuels (Bender et al. 2020, p. 805)

value unit
LHVy, 33.3  kWh/kg
LHVcy, 139 kWh/kg

2.1.2 Modulation Gas Engine CHP Model

The modulation CHP model is based on an empirical
modelling approach based on Berberich et al. (2015) and
Hofner (2019). The electrical efficiency is exclusively a
function of the nominal electrical power of the CHP plant
P.1 nom and the modulation Z, which is defined as

Py

z=—71_
Pf',nom

)

with the nominal fuel power Py, and Z theoretically
ranging between 0 and 1. Within the model, the minimum
modulation Z,,;, must be predefined and should always be
greater than 0.33 and smaller than 1. P, lies in the range
between 50 kW and 18.3 MW according to Berberich et
al. (2015). The general empiric relation between Z and the
electrical efficiency is defined as:

Net = Aol +be; - (Z - Zmin)

(3)
+ Cer - [ln(Pel,nom) - ln(Pel.min)]7

where
Pel,min = el nom Zimin, )

and with the partial derivatives b,; and c,;. The min-
imum electrical efficiency a,; represents the point from
where the tangent plane is spanned. This value can be
computed by rearranging the equation and setting in the
nominal electrical efficiency Ne; nom for 1. as well as set-
ting Z to 1 (Hofner 2019, p. 16). The parameters b,; and
cq result out of the research of Berberich et al. (2015)
analysing 49 combustion engine CHP plants and are sum-
marized in table 3 (Berberich et al. 2015). In addition to
the calculation of the electrical efficiency, the calculation
of the thermal efficiency comprises the further variables
supply temperature of the heat circuit 7y and the return
temperature of the heat circuit 7,. The nominal electri-
cal power P o, and the minimum electrical power Py iy
need to be replaced in comparison to equation by the cor-
responding nominal thermal power Py, n,, and the mini-
mum thermal power By, yin:

Pth,nom

Pth,min = 'Pel7min> (10)

el ,nom
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which leads to the equation:

Nih = arn + bth : (Z - Zmin)
+ - [ln(Pth,nom) - ln(Pth,min)}
+ dyy, - (Ts - Tr,max) + e (Tr - Tr,min)

(11

with the maximum supply 7 ;e and minimum return tem-
perature 7 ,;,. The minimum thermal efficiency equates
a;;, and is reckoned through a rearranging of equation 11.
Since the partial derivatives d;, and e;;, have negative signs
(compare table 3), a;;, reaches its minimum if 7y is set to
the maximum value and 7, is set to the minimum value.
The corresponding terms will be zero. For the calculation
of the thermal efficiency 7, in equation 11 the modulation
Z is needed and redefined as following:

. Pf,tar o Pth,tar Nihnom Nth,nom
. =X ;

7 = =
P f,nom Pth.nom Nt Nih

12)

according to (Berberich et al. 2015, pp. 59-60).
Thereby are Py, the targeted fuel power and X, the ther-
mal modulation. The equation 11 and equation 12 result
in the final equation for 7, (Berberich et al. 2015, p. 62):

1
N = — 5 { —a + bip* Zinin
—Cth [ln(Pth,nom) - ln(Pth,min)]
—dp - [Tr - T;‘,min] — € [Ts - Ts,max}}
1
+ 5 (_alh + by Zinin

—Cth* [ln(Plh,nom) - ln(Pth,min)]

13)

2
—dp - [Tr - Tr,min] — € [Tv - Tv,max]))

0.5
- bth 'Xth ' nth,n()m} )

Now the produced electricity P,; is determined by:

_ Pf,rur _
Pf.,nom

P, el Nel ,nom
F, el,nom Nel

z (14)

2.2 Electrolyser

PEMEC are usually selected by the required hydrogen
mass flow rates. Mass flow rates from the reaction can be
calculated using the following equation with 7 indicating
either water, oxygen or hydrogen:

. Leen
i = vi-Mi- Ny Nees

< (15)

where v; and M; are the stoichiometric coefficients and
the molar mass, respectively (Sood et al. 2020). These
are multiplied by the cell current I.;; and divided by the
number of moles transferred n and the Faraday constant F

10.3384/ECP20780
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Table 3. Parameters for the calculation of 7,; and 7, according
to (Berberich et al. 2015, p. 57)

Parameter Value Unit
be; 0.1089

Col 0.0255

by, -0.0746

Crh -0.0255

dp, -0.0020

e -0.0017

Zinin 0.33

Zimax 1

Tr,min 45 °C
]tv,max 90 °C

[9.6485-10* C/mol]. In this case n =2 and v; = 1 (Sood et
al. 2020). 1y represents the Faraday efficiency and N,
the total number of cells within the PEMEC. For calculat-
ing Iy losses must be considered. These losses can be
expressed by calculating the operating voltage (E) of the
PEMEC:

E =V +Vaer + Vohm + Vcnna (16)

where V,. represents the open circuit voltage, V,., acti-
vation voltage, V,,, ohmic voltage and V,,,, the transport
voltage. However, V., is negligibly small and do not play
arole in this consideration and are therefore not taken into
account (Sood et al. 2020). V. is derived from the Nernst
voltage valid for the equilibrium state:

RT :
Voe =Eg+ —-1In (pH?pOZ) , (17)
nkF am,o
with AG
Eoy=—=1229V, (18)
nkF

where R stands for the universal gas constant
[8.31447 J/(mol K)], p; for the partial pressures of the re-
spective substances involved and 7T for the temperature in
Kelvin. The partial pressures of hydrogen and oxygen are
typically determined by the system design. The water ac-
tivity ap,o between electrode and membrane corresponds
to 1, because water is fed to the cell (Ruiz Diaz 2021).
The reversible cell voltage E is then calculated with the
Gibbs free energy AG [237.22kJ/mol] at standard condi-
tions (Abdin et al. 2015; Ruiz Diaz 2021).

For calculating V,, the resistance R, is needed
which mainly includes the resistance due to the membrane
and other resistances of the cell components R,

dmem

Romm = + Rother- (19)

mem
The quantity de, denotes the thickness of the mem-
brane. The reference value of 180 um was used according
to Ojong (2018). R, must be determined experimen-
tally (Sood et al. 2020). The proton conductivity G, of

10.3384/ECP20780
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the membrane is directly related to the membrane hydra-
tion and the operating temperature. For PEM fuel cells,
the proton conductivity of the Nafion®- membrane has
been studied in detail and can be empirically expressed
as a function of membrane hydration and temperature:

Giem = (0.0051394 — 0.00326) - [1268(3037' -7 7)]
(20)

where A is the hydration number of the membrane,
which varies from 14 to 25 (Ojong 2018; Ruiz Diaz 2021;
Sood et al. 2020). The degree of hydration of the mem-
brane plays a crucial role in the performance of low-
temperature PEM fuel cells. It shows considerable vari-
ation, which makes it a critical parameter for determin-
ing fuel cell efficiency. On the other hand, for PEM wa-
ter electrolysis cells, where water is the main transport
medium, it is usually assumed that the membrane is al-
ways fully hydrated. This is why the hydration number is
estimated to be (A = 24) (Ojong 2018). V,,,, can be deter-
mined with the use of the cell current /,..;; or with the cell
current density J,.;; as following:

I 1l dmem
Vohm == = 7Jcell-

Rohm Omem
For the calculation of V,, the exchange current den-
sity needs to be obtained. This is typically done with the

Butler—Volmer equation:

2

(aknFV ) (7(l—ak)nF
Jeet1 = Joi [€\ KT ) —e kT

Vact,k) ; (22)

where oy is the symmetry factor, Jo is the current ex-
change density at k which represents either anode or cath-
ode (Ojong 2018; Ruiz Diaz 2021; Sood et al. 2020). Fur-
thermore J,.;; can be determined by using the area content
of the membrane A, according to Sood et al. (2020):

Icell

Jeet1 = (23)

Amem

Lastly the activation voltage V,, x at the anode or cath-
ode can be expressed by the following equation:

RT . Jeell
Vaerk = ——sinh ™ [ 55 )
act k F S (2-10,/{

24)

Jox must be determined for cathode and anode using a
reference exchange current density J(r)ef:

( Eaz‘Lk)
Jog =Jife\ T (25)

where the activation energy E,; x for cathode and anode
must be determined experimentally (Ojong 2018; Sood et
al. 2020). However, there are publications that use a sim-
plified model using only the exchange current density Jp «
without a reference value. Table 4 gives an overview of



the research results from which the values of Abdin et al.
(2015) seem to fit best to this PEMEC model. Other tables
can be found in the literature or have to be determined ex-
perimentally (Carmo et al. 2013; Ojong 2018; Sood et al.
2020).

Table 4. Overview of electrokinetic parameters. Abdin et al.
(2015) parameters were applied.

Parameter Abdin  Liso Marangio Ni et al.
et al. et al. et al (2006)
(2015)  (2018)  (2009)

Jo.anode 1073 5-10° 1072 102

Jocathode ~ 10° 10 10 10°

Olanode 0.8 1.2 2 0.5

Olcathode 0.25 0.5 0.5 0.5

The three important efficiencies to consider are the
Faraday efficiency 1y, cell efficiency 7..;; and the energy
efficiency 7,. The Faraday efficiency represents the cor-
relation between the actual and presumed efficiency of the
produced hydrogen output and is expressed as:

_m-n-F
My,

Ny (26)

The voltage efficiency 7, is the ratio of the thermo-
neutral voltage V},, also called the minimum required volt-
age, and the actual cell voltage V.. This requires the
work enthalpy AH [237.22 kJ/mol] at standard conditions
and is expressed as:

AH
Vip = — = 148V, 27
nkF
Vin
— (28)
' Vcell

Here the losses due to pressure, mass transport and ac-
tivation are taken into account (Ruiz Diaz 2021). At this
point it is possible to determine the overall efficiency of
the cell:

Neett = MNyf - Mv- (29)

Additionally, the energy efficiency is calculated as the
ratio of the benefit, measured as Hy mass flow expressed
in generated watts, to the input, the energy balance:

n-HHV
o= —01 (30)

B Pel _Qhe'i_Qadd'

where HHYV is the higher heating value of hydrogen
(39.4 kWh/kg) (Bender et al. 2020, p. 805). In addition to
the electrical power P,;, the heat recovered from the heat

exchangers Qy,. and the heat supplied to the system Q4
may be included in the energy balance.
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2.3 Hydrogen storage and compressor

The hydrogen storage dynamics are governed by the equa-
tion:

my, -R-T
Voortte - Moortte - Mu,”

where p; is the pressure inside the storage tank, pg the ini-
tial pressure, CF the correction factor, riiy, the mass flow
rate of hydrogen, Vj. and npe . denote the bottle’s vol-
ume and number of bottles, respectively (Albarghot et al.
2019; Gorgun 2006; Onar et al. 2006). The system is de-
signed with a maximum pressure p,,,, of 80 bar, an initial
pressure pg of 1 bar, and a bottle volume Vj,y;, of 50 litres,
mirroring laboratory setups, and np,,,;, indicates the count
of such bottles. The correction factor (CF), integral to the
equation, adjusts for deviations from ideal gas behaviour,
essentially a temperature and pressure-dependent ratio of
real to ideal gas volumes (Zucker et al. 2019, p. 327). It
is equal to one at pressures below 138 bar at ambient tem-
perature, reflecting the model’s assumption of a constant
room temperature and a slow storage process with a max-
imum pressure of 80 bar, thus simplifying CF to one for
this scenario (McCarty et al. 1981). Using this informa-
tion the state of charge (SOC) of the storage can be calcu-
lated:

pi=po+CF - (3D

Pi
pmax '
An isothermal compressor has been implemented, as-
suming an ideal gas as the compression pressures are low.
The power of the ideal compressor P, is defined as an
integral over the volume flow rate:

SOC = (32)

Peom = — /(P*I’u)dvy

where p is the compression pressure and p,, is the ambi-
ent pressure. Using the efficiency 7¢om, the effective com-
pression power required Py, can be calculated in terms of
electrical power needed:

(33)

P com

T’C()m

Pel,req = (34

2.4 Control Strategies

The control strategies play a crucial role in the perfor-
mance of the energy system. First, a BAT management
control sequence has been implemented based on Lu et al.
(2019), as the Modelica Buildings library does not offer
one. The CHP unit within the heating system plays the
most important role. This is because very small or very
large heat loads can not be met by the CHP unit, either be-
cause it is uneconomical or because the size of the engine
does not allow it. The whole control sequence is shown
in Figure 1, where TES is the thermal energy storage, HP
is the heat pump and U is the user. The control system
always checks if the TES is charged. If not, the minimum
threshold is checked and if this is exceeded, the CHP is
switched on. It is switched off when the heat load is no
longer required or when the TES is fully charged.

10.3384/ECP20780
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Electrical system control

Heating system control

AP, — Bat

AP, — PEMEL

A-Pel - Pmaz,pemel — Grid

Qioad <Y - Py onp

Qioad = PinrEs Qioad = Pinp

TES - U HP - U

Switch on CHP

Quoad > Puncp SOCrps < 100%

) )

[ Py, 78S = Quoad — Pincup

[ Qload = Pincap + Pingp

J/ J

CHP,HP — U CHP — U, TES

Figure 1. Control sequence of the implemented heating and electrical system

In general, it is possible to operate industrial PEMECs
in a grid-connected manner. However, in applications for
buildings with smaller PEMECs, low electricity prices are
very important to ensure economic viability. For this rea-
son, only self-produced electricity by e.g. PV is used for
operation. In case a BAT has been implemented as well,
excess energy should first be stored in the BAT before us-
ing it for hydrogen production, in order to reduce losses
due to lower PEMEC efficiencies. This control sequence
is also shown in Figure 1, where AP, is the difference
between the supplied electrical power P, 5, and the de-
mand Py 4em. The power requirement of the compressor is
always included when the PEMEC is in operation. If the
supply exceeds the PEMEC capacity and the BAT is fully
charged, the excess energy is sold to the grid.

Additionally the CHP only runs when sufficient hydro-
gen is in the tank and is turned off when the hydrogen tank
is empty. Similarly to the PEMEC as shown in Figure 2.

No
No

0.99 < SOC

Y

PEMEC on PEMEC off CHP off

Figure 2. Control sequences of the hydrogen tank.

10.3384/ECP20780
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2.5 COse Calculation

For calculating CO,e emissions the emission factors need
to be known. Sources of COje emissions include com-
bustion of methane gas (202 gCO,e/kWh (Umweltbun-
desamt 2023a)) and electricity production, varying by
location and energy mix. In 2022, emission factors
were 366 gCO,e/kWh for Germany and 66 gCO,e/kWh
for France (European Environment Agency 2023). Us-
ing only green electricity, emission factors differ based
on the renewable source, ranging from 4 gCO,e/kWh
for hydro power to 475 gCO,e/kWh for liquid biomass
(Lauf et al. 2022, p. 40). The estimated green emis-
sion factors are approximately 66 gCO,e/kWh for Ger-
many and 31 gCO,e/kWh for France, reflecting their re-
spective green energy mixes (Arbeitsgruppe Erneuerbare
Energien-Statistik 2024; I’ Agence ORE et al. 2024).

3 Validation

Laboratory measurements, literature, and manufacturer
data were utilized to validate the PEMEC and gas engine
CHP models. Technical data are provided in the appendix
in Table 8 and Table 9. Initially, the PEMEC’s validation
involved conducting measurements at different hydrogen
outlet pressures (6, 8, and 10 bar) in the university labora-
tory. Table 5 is a summary of the measured values com-
pared with the simulation results at a 6 bar outlet pressure,
with the relative deviation, v, calculated using the theoret-
ical value as a reference. This procedure was also applied
to data measured at 8 and 10 bar, revealing an average rel-
ative deviation of 10%.

Due to its high complexity the modulation model
needed to be validated. Hofner (2019) has developed
a model specifically for CHP, rather than a general ap-



proach. Their efficiency curves are therefore suitable for
comparison and validation, as also shown in Figure 3.
Furthermore, the university has the manufacturer’s speci-
fications for a hydrogen-fuelled CHP unit, which are com-
pared with the simulation results in Figure 4. A deviation
is present, yet it remains within acceptable limits. Note
that both gas engine CHP units are from the same manu-
facturer (compare Table 8) (2G Energy AG 2024).

Nth,sim

o P
N | Nth,Hoe frer
2425 e
—_—— .
= Nel sim P
et
40.0q Nel,Hoe fner PR
P s
"/‘ ......
375 T
T e
e
35.01 =

100 125 150 175 200 225 250
Py in kW

Figure 3. Comparison of Simulation Efficiencies and Hofner
(2019) Efficiencies of agenitor 406 Gas Engine CHP

47512
45.0
425 \ — Th.sim
= ® T2y
40077 === Nelsim
375 L8 S R - )
50f e
3250 —

60 70 80 90 100 110
P in kW

Figure 4. Comparison of Simulation Efficiencies and Manufac-
turer Specification of agenitor 404 H, Gas Engine CHP

Table 5. Comparison of measurements and simulation at 6 bar
outlet pressure and V in Nm?> /h

Pel VHQ,real VHZ ,Sim v

334.5 0.050 0.054 0.08
555.0 0.100 0.090 0.11
817.7 0.150 0.133 0.13
1138.8 0.200 0.185 0.08
1357.8 0.222 0.220 0.01

4 Case Study

For this project, the city of Offenburg provided hourly data
for heat and electricity consumption, used in all simula-
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tions. In agreement with project partners, the five build-
ings were treated as one system to achieve climate neutral-
ity, requiring the system to be designed around the CHP,
which needs to be dimensioned first. The CHP aims to
cover the base heat demands while the HP operates as sup-
portive heat generator.Here, the classic mode of operation
of a gas-fuelled CHP unit is copied for hydrogen-fuelled
units .

The dimensioning of a heat-guided CHP plant relies
on the descending sorted annual load duration curve of
the consumer. The economic optimum for the classical
CHP and a peak load boiler, an HP, is sought, aiming for
5,000 to 6,000 full utilization hours or 10% to 30% cover-
age of thermal heat demand (Arbeitsgruppe Erneuerbare
Energien-Statistik 2015; Sokratherm GmbH n.d.; Ver-
braucherzentrale 20.05.2021). 4,000 full utilisation hours
or 15% of nominal thermal capacity at maximum heating
demand was chosen as these buildings have no domestic
hot water demand and low summer heating demand. The
optimal fit would be a CHP with a nominal thermal capac-
ity range Pyj, pom 0f 33 to 38 kW. A commercially available
hydrogen CHP was chosen, the smallest available being
the MAH 33.3 TI 311A from MAMOTEC energy solu-
tions (see technical data in Table 6) (MAMotec GmbH
2024).

Table 6. Technical data of hydrogen and natural gas CHP
(MAMotec GmbH 2024).

MAH 333 TI311A

Fuel Hydrogen
P, 38 kW
P 53.7 kW
Nel 355 %
Neh 50.2 %
Nrotal 85.7 %

Given that Offenburg will not be connected to the Eu-
ropean hydrogen grid until at least 2030, a decentralized,
standalone operation is more realistic in the near future.
Hydrogen is produced by PEMEC, stored in tanks, and
then burned by a CHP when needed. Most of the elec-
tricity demand is met by renewable energy sources, with
excess energy stored in a BAT and used to operate the PE-
MEC.

The low density of hydrogen poses storage challenges,
with the hydrogen tank being the limiting factor. Large
tanks can serve as seasonal hydrogen sinks but require sig-
nificant space and investment. Therefore, the hydrogen
tank size will be investigated through a sweep, keeping
the PV size constant. The tank pressure is maintained at
80 bar throughout the study.

Before investigating different tank sizes, the PEMEC
size must be determined. Several test simulations indi-
cated that a 500 kW PEMEC is optimal due to the unifor-
mity of hydrogen production, resulting in high full load
hours for the PEMEC. Diversifying the electricity mix
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Figure 5. Schematic set up of the decentralised stand-alone operation scenario with a modulation CHP

with PV and Wind Turbines (WT) is prudent. Reducing
the PV area to provide the required amount of renewable
energy is cost-efficient, while reducing the size of a WT is
more challenging form a technical point of view.

Figure 5 shows the schematic structure of this scenario.
The Modelica model was implemented identically to the
schematic setup. The orange blocks indicate the varia-
tion combination, the grey block indicates the parameter
for the sweep, and the white blocks indicate constants
throughout the sweeps. Only the modulation operation
strategy of the CHP is investigated, based on previous re-
sults. These showed that with this described control strat-
egy and under the condition that hydrogen can be supplied
at any time, the modulation CHP needed 900 kg less hy-
drogen per year than a stationary CHP (13,700 kg). The
downside is a worse efficiency and less heat coverage of
only 56% compared to 59%. As the production of hydro-
gen is very expensive, it should only be used sparingly.
For this reason, the modulation was chosen.

5 Results

A total of six scenarios are considered and CO,e emis-
sions are calculated for comparison as this is the target to
be reduced. The results are summarised in Figure 6. The
labels indicate the composition of the scenario according
to Table 7.

Figure 6 shows the emissions in tonnes of CO»e for dif-
ferent storage capacities. Sources of emissions during op-
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eration are from natural gas combustion or depending on
the electricity demand emission factor (see section 2.5).
Since only hydrogen is burned, all emissions are due to
the electricity required from the grid. In this scenario, only
green electricity was consumed, using the estimated green
emission factor of 66 gCO,e/kWh for Germany. It demon-
strates that the combination of PV, WT, and BAT leads to
the lowest emissions. Nevertheless, due to drought periods
where no electricity is produced, this strategy is unable to
entirely eliminate emissions. It also states that the WT
generated by this facility is insufficient for its intended
purpose. Consequently, it would be necessary to expand
the plant. However, the geographical location is not opti-
mal for the generation of wind power.

Furthermore an increase in the size of the hydrogen
storage tank has a negligible impact on emissions from a
volume of 500 m?, particularly when WT and PV are com-

Table 7. Dimensioning and composition of the decentralised
energy system with the MAH 33.3 TI 311A CHP.

Description PV PV and WT
CHP 38 kW, 53.7kWy, 38 kW, 53.7 kW,
PV 1.8 MWp 0.9 MWp
BAT 500 kWh 500 kWh

WT - 0.5 MWp

HP 197 kW 197 kW
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Figure 7. Full utilisation hours and heat coverage of the CHP.

bined. However, tank sizes larger than 50 m? are unreal-
istically large. Therefore, the feasibility of such a system
needs to be investigated using other control strategies.

The full utilization hours of the CHP depend on hy-
drogen production. This depends on the amount of elec-
trical energy available, the size of the PEMEC, and the
size of the hydrogen tank. For this reason, the Figure 7
shows that the full utilization hours also increase as the
tank size increases. The only exceptions are the two sce-
narios where wind power is the sole source of electricity.
In these cases, the full load hours decrease as the tank size
increases due to the minimum threshold of the control sys-
tem, which means the tank can only be emptied when a
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certain amount is available. Here, the electricity produc-
tion of the WT is clearly too low. Conversely, the highest
full utilization hours can be achieved with pure PV and a
larger hydrogen storage tank.

6 Discussion and Outlook

In this paper, the feasibility of a hydrogen-powered gas
engine CHP unit in a decentralised energy system has been
investigated using a real use case with data from the city
of Offenburg in Germany. The ultimate goal is to reduce
emissions in order to achieve carbon neutrality or come
close to this target.

The results of the simulation models indicate several
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promising benefits of hydrogen CHP units. In particu-
lar, this system can significantly reduce carbon emissions
when integrated into decentralised energy systems. How-
ever, hydrogen storage requires a lot of space, which is
questionable in real-world conditions and probably not re-
alistic. Smaller storage sizes already reduce COje, but
other operating strategies may be more efficient in terms
of CO,e emissions and need to be compared while con-
sidering costs as well. Therefore, a new control strategy
needs to be investigated, where the CHP covering only
peak heat demand.

A cost calculation has already been added, calculating
investment and operating costs, as well as the levelized
costs of electricity and hydrogen. In the future, the cal-
culation of CO; emissions will be improved by including
emissions from the manufacture of the equipment used.
In addition, improvements to the empirical approach are
being considered with the CHP units available in the lab-
oratory, as well as improvements to all other models us-
ing measured data from the university laboratory where
possible. For example, by implementing a hydrogen tank
with higher storage pressures. For a continuation of this
project, an optimisation tool could be used to optimally
dimension the system.

Please refer to the link for the latest version of
the model: https://github.com/IKKUengine/
CO2InnO-H2-CHP-Demonstrator.
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Appendix

Table 8. Technical data of the gas engine CHP units (2G Energy
AG 2024; Hofner 2019)

agenitor agenitor agenitor
404c Hp 404 406
P, 115 kW 100 kW 250 kW
Py 129 kW 130 kW 264 kW
MNei 0.377 0.384 0.425
Neh 0.423 0.499 0.449
Niotat 0.80 0.883 0.874
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Table 9. Technical data PEMEC

Value Unit
Neell 10 -
Ngtack 1 -
Pelmax 1900 A\
p 0-10 bar
Vop 230 \'%
Viymax 0.3 Nm’/h
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