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Abstract Power generation units, suitable for individual users and small
scale applications, are mainly based on spark ignition engines. In recently
performed research, reductions of emissions coming from such units, espe-
cially considering carbon dioxide emissions, are deemed as the issue of par-
ticular importance. One of solutions, postponed to reduce impact of spark
ignition engine-based units on the natural environment, is transition from
fossil fuels into renewable gaseous fuels, as products of organic digestion.
Nonetheless, development of new solutions is required to prevent further
carbon dioxide emissions. The paper presents a novel dual approach devel-
oped to reduce carbon dioxide emissions from stationary power units, basing
on spark ignition engine. The discussed approach includes both reduction in
carbon content in the fuel, which is realized by its enrichment with hydro-
gen produced using the solar energy-supported electrolysis process, as well
as application of post-combustion carbon dioxide separation. Results of the
performed analysis suggest profitability of transition from fossil into the
hydrogen-enriched fuel mixture, with significant rise in operational parame-
ters of the system following increase in the hydrogen content. Nevertheless,
utilization of the carbon dioxide separation leads to vital soar in internal
energy demand, causing vital loss in operational and economical parameters
of the analyzed system.
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Nomenclature
cN2 – nitrogen concentration in ambient air (oxidizer)
cO2 – oxygen concentration in ambient air (oxidizer)
HC – hydrogen to carbon ratio (of the fuel)
ṅCO2 – molar stream of CO2, kmol/s
ṅH2O – molar stream of water vapor, kmol/s
ṅCO – molar stream of carbon monoxide, kmol/s
ṅH2 – molar stream of unburned hydrogen radicals, kmol/s
ṅN2 – molar stream of nitrogen, kmol/s
LHV – lower heating value
pBDC – pressure inside the combustion chamber at the bottom dead center, MPa
pEVO – pressure inside the combustion chamber at the exhaust valve opening, MPa
TEx – mean exhaust gas temperature, K
TEVO – temperature of gases in combustion chamber at exhaust valve opening, K
TMCT – mean temperature of combustion, K
γEx – ratio of specific heats of the exhaust gas
λ – air to fuel ratio

Abbreviations
CHP – combined heat and power
CCHP – combined cooling, heat and power
DNI – direct normal irradiance
ICE – internal combustion engine
PIL – poly(ionic) liquid membrane
PIM – polymer membrane
PV – photovoltaic (module/system)
SI – spark ignition (engine)

1 Introduction

Protection of natural environment is one of the vital tasks faced by engi-
neers. The continuous emission of number of chemical compounds to the
atmosphere, soil and water crucially influences the state of our environment
by limiting ability of its natural regeneration. Exploitation of non-renewable
energy sources (as fossil fuels) and raw materials leads to their depletion.
Therefore, replacing fossil fuels with alternative energy carriers from differ-
ent sources seems to be essential. Thus, addition or even full replacement
of conventional fuels by fuel mixtures, including those based on biogas and
biomethane (fuels from anaerobic digestion of organic compounds) is con-
sidered as beneficial [1–3]. Hydrogen (H2) – especially originating from the
electrolysis process powered by renewable solar or wind energy – is also
recognized as a promising energy carrier for fuel mixtures [4–6]. Although
hydrogen is primarily considered as an energy carrier for fuel cells, it might



Reduction of carbon footprint from spark ignition power facilities. . . 173

be applied as a fuel additive for internal combustion engines as well [7–13].
Since hydrogen is deemed as a ‘clean fuel’, partial replacement of fossils
by hydrogen limits the emission of harmful substances (as hydrocarbons
resulting from imperfect combustion) into the atmosphere and save natural
resources.

Furthermore, individual units and distributed generation systems are
deemed to be appropriate to ensure better coverage of the energy demand of
local consumers [14]. Reduction of primary fuel consumption [15,16] and im-
provement in the energy efficiency might be acquired by simultaneous gen-
eration of electricity and heat/cold in small-scale facilities – also using re-
newable and/or conventional resources. Such combined systems – combined
heat and power (CHP) and combined cooling, heat and power (CCHP) –
enable reduction of the emission of greenhouse gases to the atmosphere,
when compared to separated systems. Regarding the small-scale units, es-
pecially belonging to the group of CHP/CCHP systems, commonly utilize
the spark ignition engines (SI). In recently performed research, reductions
of emissions coming from such units, especially considering carbon dioxide
(CO2) emissions, are recognized as the issue of particular importance.

Distributed energy systems, including individual units, often utilize in-
ternal combustion engines which can be fuelled with conventional (fossil)
and alternative fuels (including products of digestion, as landfill gas or hy-
drogen) [3,7,10,12]. Nonetheless, selection of the proper internal combustion
engine (ICE) or its adjustment for given system is influenced by many fac-
tors [7, 17–20]. High methane share in derived fuel mixture is followed by,
i.e. the increase in carbon monoxide/dioxide emissions, whereas rise in the
hydrogen share results in increase in NOx emissions [9, 11], drop in CO2
emissions [2, 3] and higher water vapour content [3]. The proper combina-
tion of fossil and alternative fuels in a homogenous fuel mixture may provide
an effective method to reduce emissions from individual unit. Nonetheless,
to improve ecological characteristics, during transition from conventional
to alternative fuel, internal combustion engines may require modifications
in operational parameters, such as: adjustment of compression ratios [2],
change of fuel-air ratio in the engine [11], modification of the cooling sys-
tem [21] or integration with advanced exhaust gases treatment units [12].

Among variety of alternative fuels, suitable to be used as an additive to
the fuel mixture derived to the ICEs, hydrogen gathered particular atten-
tion [22–24]. Its high energy per unit volume, resulting in visible change
in combustion pressure, temperature and heat fluxes, without significant
difference in timing of respective phases is recognized as the fundamental
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reason [22,25]. Although currently the steam methane reforming is the most
efficient and common method for industrial-scale hydrogen generation [26],
its electrolytic generation gains focus as well [27, 28] due to easy intercon-
nection with renewable energy sources [27, 29], even in the case of lacking
method for its efficient storage and non-negligible losses in its transporta-
tion [30]. Due to low investment and maintenance expenditures as well as
simple service, electrolysis performed in highly alkaline conditions is com-
monly used in market-available, low-power units [27,30].

Nonetheless, partial replacement of fossil fuel with its alternative equiv-
alent might be not sufficient, regarding further reduction of CO2 emissions
from CHP systems with an internal combustion engine. To achieve the goal,
membrane separations systems might be used. Depending on their partic-
ular application, membrane systems are able to separate CO2 as well as
SO2, oxygen, nitrogen or hydrogen [31]. Basically, they are characterized
by a simple, modular structure – which is deemed as their main advan-
tage. Nevertheless, to ensure proper operation, the membrane separator
must be properly selected for the separated gases [31, 32]. Membranes are
commonly sensitive to both temperature and pollution [32, 33]. The large
group of polymer membranes (PIM), including, i.e. polyimides, is very often
used for CO2 separation – nonetheless, water vapour is harmful for some of
them [34–36]. Positive influence of water content in flue gas on CO2 sepa-
ration is shown by poly(ionic liquid) membranes (PIL), where the presence
of water contributes to an 80% increase in CO2 permeability through the
membrane relative to dry gas [37, 38]. Nevertheless, CO2 permeability for
currently available PIL materials is much lower than for polyimide mem-
branes (PIM) – 33 Barrer in laboratory conditions for PIL to over 2000
Barrer for PIM [38].

Hence, due to the higher permeability of carbon dioxide, affecting pu-
rification of gases in CHP systems with an internal combustion engine,
polymeric membranes seem to be the most appropriate.

The paper discusses the initial analysis of novel spark-ignition engine-
based CHP system, supported with membrane separation unit CO2 re-
moval. The analysis focuses on investigation in operational and ecological
parameters of the engine – including its power and CO2 emissions – as well
as thermal performance of the double-section heat exchanger system, in-
herently included within the simulated unit. Additionally, performance of
the carbon removal unit, based on polyimide membrane, was investigated as
well. Summary of the analysis was performed by fundamental recognition of
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the hydrogen generation system, coupled with and independent renewable
energy source (set of photovoltaic modules). The research was performed
computationally, using the methodology of spark-ignition engine modelling
discussed in reference [39] and basing on empirical dependencies acquired
for market-available membrane gas separator [32]. Performance of the sys-
tem was analyzed under variable composition of the fuel – enriched with
the sewage-fermentation biogas and hydrogen as the potentially ecological
substitutes for natural gas.

2 Materials and methods

The system, stating the matter of analysis, regards the simple configuration
of the spark ignition engine-based CHP unit, equipped with basic CO2
separation system. Scheme of its configuration is indicated in Fig. 1.

Figure 1: Scheme of the engine-based CHP unit with hydrogen generator and a membrane
separator.

The investigation is performed using a simple mathematical model of the
combined heat and power unit, equipped with J208 industrial spark ig-
nition engine [41]. The model is prepared basing on the methodology of
analysis described in [39] and discussed in details in [40]. The commercial
Matlab computing software is selected as the main numerical environment
for the analysis [52]. The model is coupled with a real gas model library,
included within the professional general equation-solving software – En-
gineering Equation Solver (EES) [51], to determine respective heat fluxes
and membrane separation unit performance. Brief data summary on the
simulated engine is shown in Table 1.

Parameters of respective fuel mixtures derived into the engine, including
primarily: composition, lower heating value (LHV), stoichiometric air-to-
fuel ratio and averaged hydrogen-to-carbon ratio were calculated on the
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Table 1: Selected data on J208 spark ignition engine manufactured by INNIO/GE
Jenbacher (based on [41]).

Parameter Value

Cylinder stroke, mm 145
Cylinder bore, mm 135
Compression ratio, – 9
Number of revolutions per power stroke, – 4
Number of cylinders, – 8
Rotational speed at nominal conditions, rev/min 1500

basis of experimental data, concerning composition and properties of re-
spective fuels [42, 43], as well as the internal library included within the
utilized EES computational environment. This software was also used to es-
timate the carbon footprint due to easy integration with the engine simula-
tion software. This selection introduced significant simplification, regarding
the carbon footprint calculations (i.e., ISO14067:2018 norm), nonetheless,
vitally reducing length of the algorithm and computational cost. As the
primary (reference) fuel for the simulated engine, the low-pressure natural
gas of type E (high methane content), distributed within Polish gas net-
work, was assumed [43]. The alternative fuels, used in variable individual
shares to produce the final mixtures, regarded the biogas, resulting from
natural fermentation process [42], and the hydrogen.

Due to high purity of the generated fuel, affordability and relatively wide
market availability of ready-to-use equipment [27,28,44], the hydrogen was
assumed to be produced during the water electrolysis process in an alkaline
hydrogen generator. Temporary operational properties of the H2 generator
were simulated on the basis of experimental investigation, described in de-
tail in references [27,45]. The performed simulation was based on the hydro-
gen stream flow vs. derived electric power curve, obtained by applying the
least squares approximation method on the experimental data [27,45]. The
key factor, influencing the applicability of the selected data, was the sizing
of the hydrogen generation unit coupled with the modelled spark-ignition
(SI) engine [29,30,44]. Thus, identification of the required hydrogen stream
flow, calculated as the product of required stream flow of the fuel mixture
derived to the engine and the hydrogen content within, had to be obtained
first. Hence, the computational algorithm included estimation of opera-
tional parameters of the engine in the first step, and computation of the
required electric power derived to the fuel generating unit in the next one.
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In order to increase share of the renewable energy, utilized within the
discussed system, additional coupling of the hydrogen generation unit with
solar photovoltaic (PV) system was assumed. The considered solar system,
including serial and parallel connection of monocrystalline silica cells of
total max rated powers of 25 kWp and 1 MWp, respectively, was selected
on the basis of high efficiency and ease direct connection to the hydrogen
production unit [30, 45]. Performance of the photovoltaic system was es-
timated on the time span of one year, using the monthly-averaged direct
normal (solar) irradiance (DNI) data, obtained using the PVGIS-CMSAF
model (photovoltaic geographical information system – climate monitoring
satellite application facility) for assumed location of the biogas source in
Tychy (a city in Silesia Region, Poland). The selection of the radiation data
source was based on its particularly low inaccuracy for long-time averaged
data [46–48].

The engine model, which is the core of performed simulation, includes
simplified analysis of combustion – basing on two-zone approach with pre-
diction of specific heat ratios – and heat transfer – basing on averaged
surface area within the cylinder [39]. The model simulates compression and
expansion strokes, under assumption of variable air to fuel ratio – depen-
dent on fuel mixture composition – and parameters of air and exhaust
fumes with increment in crank angle rotation from opening of the inlet
valve up to the closing of exhaust valve, with increment of one degree. The
model incorporates the Weibe function and the Annand method during the
simulated combustion phase (transition from compression into expansion
strokes), with calculation of temperature of the exhaust gases basing on
polytropic correlations [39,40]

TEx = TEVO

(
pBDC
pEVO

) γEx−1
γEx

. (1)

The exhaust gases composition is calculated on the basis of molar streams
of respective compounds, estimated using the atom balance, regarding the
excess air coefficient [39,40]:

ṅCO2 = 4
λ(4 + HC) −

[
2Ks

4
λ(4 + HC)
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)]

, (2a)
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ṅH2 = 2
( 1
λ

− 1
)

−
[
2Ks

4
λ(4 + HC)

( 1
λ

− 1
)]

, (2d)

ṅN2 = cN2
cO2

, (2e)

where

Ks = exp
(
2.743 − 1.761 × 103T−1

MCT − 1.611 × 106T−2
MCT

+ 2.803 × 10−9T−3
MCT

)
.

Respective heat fluxes, transferred from the exhaust gases within the double-
section heat exchanger, were calculated on the basis of energy conservation
equation and parameters of the district heating and domestic hot water,
required by the network, discussed in [49]. As the district heating tem-
peratures at the inlet and outlet of the network, the values of 90◦C and
70◦C, respectively, were assumed. Considering the domestic hot water net-
work, the inlet and outlet temperatures were assumed at the levels of 10◦C
and 55◦C, respectively. For both sections of the exchanger, the 5 K pinch
was assumed.

The operational parameters of the membrane separation unit were based
on estimated performance of four polyimide UBE UMS-A2 membranes,
working in parallel and coupled with an ideal gas compressor of 90% isen-
tropic efficiency. The dependence of the recovery coefficient of the assumed
membrane on the feed stream flow and moisture content was calculated
basing on empirical data, presented in [32].

3 Results and discussion
Brief summary of the first part of the analysis, concerning parameters of
the engine set under variable fuel composition, is shown in Table 2.

As presented, in Table 2, change in composition of the fuel mixture
vitally influences performance of the engine as well as parameters of the
exhaust gases. Regarding the reference case of the unit fuelled with pure
natural gas, total electric power output of 300 kW with primary energy ef-
ficiency of 38.79% was indicated. At this case, temperature of the exhausts
at the outlet collector equals almost 634◦C, with CO2 content slightly ex-
ceeding 9% in moist gas. High humidity (19% H2O content in moist) is also
characteristic for this case. Increase in share of biogas in the fuel mixture
leads to drop in the power output of the engine – for the 90% biogas share,
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Table 2: Summary of results of the engine operation: NG – natural gas, B – biogas,
H2 – hydrogen.

Fuel
mixture
composi-
tion,
%mol

Power,
kW

Power
generation
efficiency,

%

Exhaust
gas

temp.,
◦C

Exhaust
gas
mass
flow,
kg/s

CO2
share
(moist
ex-

haust
gas),
%vol

Water
vapor
share
(moist
exhaust
gas),
%vol

CO2
emission
factor,

kgCO2 /kJe

Total
primary

energy use
efficiency,

–

100% NG 300.0 38.79 633.5 0.467 9.1 19.0 0.061 0.884
50% NG,
50% B 283.0 38.81 608.3 0.587 10.2 17.3 0.087 0.895

30% NG,
70% B 274.5 38.77 594.5 0.647 10.7 16.4 0.101 0.900

10% NG,
90% B 264.7 38.78 577.6 0.715 11.2 15.5 0.118 0.907

27% NG,
70% B,
3% H2

296.5 38.80 635.5 0.642 10.7 16.4 0.098 0.897

25% NG,
70% B,
5% H2

311.5 38.77 663.7 0.640 10.7 16.4 0.095 0.894

23% NG,
70% B,
7% H2

326.8 38.71 692.3 0.637 10.7 16.4 0.093 0.890

7% NG,
90% B,
3% H2

288.2 38.80 622.1 0.712 11.3 15.5 0.115 0.903

5% NG,
90% B,
5% H2

304.3 38.77 652.5 0.710 11.3 15.5 0.112 0.900

3% NG,
90% B,
7% H2

319.2 38.74 680.5 0.704 11.3 15.5 0.109 0.897

the unit generated 264.7 kW, consuming 682.6 kW of primary energy in the
fuel. Volumetric flow of the exhaust gases was increased by over 53%, re-
garding the reference case (0.715 kg/s to the 0.467 kg/s, respectively), with
significantly higher CO2 share of 11.2% in moist gas. The reason for such
observation is an exceptionally high content of CO2 in the applied biogas,
equal to 35% in dry fuel. Rise in both exhaust gas emission and CO2 con-
tent lead to a vital soar in CO2 emission factor, equal to 0.101 kgCO2/kJe

in 90% biogas case to 0.061 kgCO2/kJe for the reference, respectively. Nev-
ertheless, due to the higher heat flux introduced to the low-temperature
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section of hot water heat exchanger, the total primary energy efficiency
of the co-generating unit increases with rise in biogas content (from 0.884
for the reference case to 0.900 for the highest biogas share case). Essential
change in operation of the system is visible for the fuel mixtures, including
hydrogen. Considering the natural gas-rich mixture, 3% addition of hydro-
gen leads to rise in temperature of exhausts up to 635.5◦C (2◦C than for
the pure natural gas case), with only 1.2% reduction of available electric
power, comparing to the reference. Nevertheless, due to over 37% higher
volumetric flow of exhaust gases, almost double rise in CO2 emission factor
is observed. Results of the analysis, regarding the exhaust gas parameters,
are depicted in Figs. 2 and 3.

Figure 2: CO2 emission factor as function of hydrogen share in the fuel for respective
biogas contents.

As shown in Fig. 2, significant rise in CO2 emissions occurs for 90% biogas
content, proving vital importance of CO2, carried by the fuel, within total
CO2 emissions. Nevertheless, independently on biogas content, the rise in
hydrogen share in the fuel mixture was followed by a drop in CO2 emis-
sion factor. As shown in Fig. 3, rise in the hydrogen content is followed
by essential rise in exhaust gases temperature at the main collector’s in-
let. Regarding the biogas-lean mixture, partial replacement of natural gas
with hydrogen in the initial fuel mixture leads to a rise in exhausts tem-
perature up to 692◦C (for the 7% hydrogen content). This essential change
leads not only to higher potential of the central heating and domestic hot
water production, but might vitally influence constructional features of re-
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Figure 3: Temperature of exhaust gases (at inlet of the main outlet collector) as function
of hydrogen share in the fuel for respective biogas contents.

spective heat exchangers and affect higher NOx emissions. Lower exhaust
temperatures, visible for the biogas-rich mixture, suggest influence of ben-
eficial heat absorption of the triatomic CO2 molecule, included within the
biogas. Thus, the discussed results suggest, that there is optimal ratio of
the hydrogen and biogas concentrations within the fuel mixture, enabling
acquisition of low NOx and CO2 emissions with simultaneous significant
rise in exhaust fumes temperature.

Results concerning the electric and thermal power outputs of the ana-
lyzed, engine-based CHP unit are shown in Fig. 4. Rise in hydrogen share in
the fuel mixture leads both to rise in the electric and thermal power outputs,
as indicated in Fig. 6. For both 70% and 90% shares of biogas in the fuel, lin-
ear dependence of generated power and heat with rise in hydrogen content is
visible. Regarding the electric performance of the engine-based unit, for the
7% share in hydrogen, the unit generated 326.8 kWe for the natural gas-rich
and 319.2 kWe for the natural gas-lean mixtures, respectively. This obser-
vation is in accordance with conclusion, regarding operation of the spark
ignition engines, partially fuelled by hydrogen, discussed in [14]. Regarding
the useful heat generation, the unit was characterized by 19.0% and 20.6%
higher thermal outputs, for 70% and 90% biogas content, respectively. The
discussed thermal power was transferred to the high-temperature section
of heat exchanger, followed by a larger heat flux derived to the distributed
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heating network. Furthermore, rise in the hydrogen content was directly
correlated with a drop in CO2 emission factor of max. 7.9% for the natural
gas-rich and max. 7.6% for the natural gas-lean fuel mixtures, respectively.

Figure 4: Output performance of the analyzed CHP system equipped with spark ignition
engine.

Results of the investigation, concerning the membrane separation unit per-
formance for respective cases, are summarized in Table 3.

As shown in the table, the rise in hydrogen content significantly affects
the increase in water vapour flow within the exhaust gases. For the 70%
biogas fuel case, the water vapour stream in exhausts was increased of up to
9.5%, whereas for the 90% biogas fuel, the water vapour flow was increased
by up to 7.9%, in regard to the reference. Furthermore, despite the drop in
CO2 emissions coefficient, the total stream flow of emitted CO2 soared with
the rise in hydrogen content. Regarding the 70% biogas mixture, an up to
9.3% rise was observed, whereas for the 90% biogas mixture, a max increase
of 11.3% was acquired. However, due to the rise in temperature of exhaust
gases, no significant increase in humidity ratio, regarding respective refer-
ence cases, was observed. As shown by the recovery coefficient values, rise
in the hydrogen share in the exhausts is followed by the rise in operational
parameters of the membrane – which is caused by continuous drop in the
exhausts stream flow. This observation suggests importance of adequate
sizing of the membrane unit. Nevertheless, for all cases of biogas-enriched
fuel mixture, the operational parameters of the CO2 capturing membrane
are lower than for pure natural gas used as a fuel. In the worst case sce-
nario (corresponding to 90% biogas share with no hydrogen added), drop in
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Table 3: Results of the membrane separation unit (MSU) part performance analysis: NG
– natural gas, B – biogas, H2 – hydrogen.

Fuel mixture
composition,

%mol

Water vapour
mass flow in
exhaust gas,

kg/s

CO2 mass flow
in exhaust gas,

kg/s

Humidity
ratio of exhaust

gas

Recovery
coefficient of
the MSU, %

100% NG 0.023091 0.018 0.1493 41.1

50% NG, 50% B 0.025374 0.025 0.1332 31.9

30% NG, 70% B 0.025919 0.028 0.1249 28.6

10% NG, 90% B 0.026405 0.031 0.1168 25.7
27% NG, 70% B,

3% H2
0.026975 0.029 0.1249 30.0

25% NG, 70% B,
5% H2

0.027698 0.030 0.1249 31.0

23% NG, 70% B,
7% H2

0.028399 0.030 0.1249 32.0

7% NG, 90% B,
3% H2

0.027615 0.033 0.1168 26.9

5% NG, 90% B,
5% H2

0.028469 0.034 0.1168 27.7

3% NG, 90% B,
7% H2

0.029099 0.035 0.1168 28.6

the recovery coefficient approximates 27%. The total power demand of the
membrane separation unit (MSU) – based on internal energy demand of the
compressor – for all investigated cases was approximately equal to 113 kW.

In order to mitigate the negative influence of the CO2 generated within
the system, the effects of PV system incorporation were analyzed. The
monthly-averaged direct normal irradiance (DNI) for the year of 2016, avail-
able for the PV system at the selected location (Tychy, Poland) is shown in
Fig. 5. Data shows the peak irradiance available during the summer season,
with the peak value of approx. 200 W/m2 in June. Although the presented
data might be deemed as inaccurate (i.e. due to neglecting the influence of
indirect radiation), it follows the expected trend – considerable influence of
coupling between the PV and SI systems on total power output shall oc-
cur between May and September, with no visible difference in autumn and
winter seasons. The fundamental condition, regarding the available solar ir-
radiance, is covering the demand for electrolytic hydrogen generation. The
stream flow of the hydrogen, which has to be generated, depends on the
mixture both due to variable concentration as well as changing fuel flow.



184 K. Janusz-Szymańska, K. Grzywnowicz, G. Wiciak and L. Remiorz

Figure 5: Monthly-averaged direct normal irradiance (DNI) at Tychy, Poland, for 2016
(data based on PVGIS-CMSAF model).

The average daily energy demand of the electrolytic hydrogen generator,
depending on the fuel mixture being assumed, is shown in Fig. 6.

Figure 6: Average daily energy demand of the alkaline electrolytic hydrogen generator.

As indicated in Fig. 4, the internal power output from the modelled spark-
ignition (SI) engine vitally depends on the applied fuel mixture. Considering
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the contribution of the PV system and the stock market prices of electri-
cal power, variable throughout the year [50], significant change in average
incomes, following the change in the fuel and seasons is expected. Results
of the simulation, regarding the change in expected profits for the PV-SI
integrated system, operating with 25 kWp solar power and lacking the CO2
separation, are shown in Fig. 7.

Figure 7: Relative change in daily-averaged incomes during the year, depending on the
fuel mixture (for the PV-integrated system of 25 kWp output power).

Presented data clearly indicates essential dependence of incomes or losses
on the applied fuel mixture. The highest rises in average daily income, equal
to approximately 1.7% and 1.2%, are observed for highly hydrogen-enriched
mixtures, including 7% of hydrogen content (with 70% and 90% of biogas,
respectively). Among all investigated mixtures, application of two of them
resulted in a year-long loss at the level of 0.4% (27% of natural gas) and
1.0% (7% of natural gas). This suggests, that when shifting towards eco-
logical, low-calorific fuel, derivation of low amounts of highly-calorific fuel,
combusting at high temperatures – as hydrogen – might be especially ben-
eficial; nevertheless, utilization of too limited portions of hydrogen leads
to permanent loss of its potential in mixture with CO2-rich primary fuel.
Further, incomes are partially influenced by the seasons – both the highest
temporal rise in incomes (1.77%) and drop in losses (1.03%) are observed
for the summer, when the solar irradiance and the national energy prices
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are the highest. Selected results, regarding the analogical investigation per-
formed for the larger PV system, are indicated in Table 4.

Table 4: Comparison of relative change in incomes due to fuel change for the SI system
integrated with PV systems of 25 kWp and 1 MWp.

Month

Change in income
for SI-PV

integrated unit
fuelled with

23% NG, 70% B,
7% H2 mixture,
with 25 kWp of
PV field, %

Change in income
for SI-PV

integrated unit
fuelled with

23% NG, 70% B,
7% H2 mixture,
with 1 MWp of
PV field, %

Change in income
for SI-PV

integrated unit
fuelled with

7% NG, 90% B,
3% H2 mixture,
with 25 kWp of
PV field, %

Change in income
for SI-PV

integrated unit
fuelled with

7% NG, 90% B,
3% H2 mixture,
with 1 MWp of
PV field, %

March 1.690 1.692 –0.989 –0.984
June 1.729 1.731 –1.011 –1.004
September 1.766 1.768 –1.033 –1.028
December 1.687 1.688 –0.987 –0.985

As shown, similar results were obtained for the integrated system, oper-
ating with 1 MWp solar power PV unit. This proves that the amount of
energy produced by the analyzed spark ignition engine system (assuming its
stable operation in a longer time) is much greater than the energy derived
from medium-scaled solar PV systems in the intermediate climate zone.
Furthermore, the power required by the hydrogen generator container is
significantly lower than energy surplus generated due to rise in operational
parameters of the SI. Thus, the energy effect of joining the PV installation
with the SI-based system, working at the selected location, is rather neg-
ligible – at least when considering the combustion engine of 300 kW rated
power.

The results change vitally, when considering not only the replacement
of fossil fuel by its biomass-origin substitution, but also the carbon captur-
ing. As shown in Table 3, utilization of CO2-enriched fuel, as the considered
biogas, directly influences essential rise in CO2 share in exhaust fumes with
simultaneous drop in separation process efficiency. Therefore, although uti-
lization of biogas enables better utilization of hydrogen potential (due to
ease of transfer of high-temperature heat, generated during the combus-
tion), it might vitally influence the costs of separation process. Results of
the analysis, regarding the change in average incomes/losses for the full
system, equipped with the CO2 capturing, are shown in Fig. 8.

As indicated by respective data series, in the case of separation-equipped
system, introduction of alternative fuel mixture always leads to drop in
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Figure 8: Relative change in daily-averaged incomes during the year, depending on the
fuel mixture (for the PV-integrated system of 25 kWp output power), including
the CO2 separation expenses.

the incomes, varying in their average from 0.4% up to 13.6%. Again, the
best results (the lowest loss) was observed for the 7%-hydrogen enriched
mixtures. For all considered fuel mixtures, the losses increase in the summer
season – what are caused by significant rise in the mean power prices.
Similarly to the previous case, no vital difference was observed for the PV-
SI integrated unit operated under 1 MWp – selected results of the analyses
are compared in Table 5.

Table 5: Comparison of relative change in incomes due to fuel change for the SI system
integrated with PV systems of 25 kWp and 1 MWp, including the expenses for
CO2 separation.

Month

Change in income
for SI-PV

integrated unit
fuelled with

23% NG, 70% B,
7% H2 mixture,
with 25 kWp of
PV field, %

Change in income
for SI-PV

integrated unit
fuelled with

23% NG, 70% B,
7% H2 mixture,
with 1 MWp of
PV field, %

Change in income
for SI-PV

integrated unit
fuelled with

7% NG, 90% B,
3% H2 mixture,
with 25 kWp of
PV field, %

Change in income
for SI-PV

integrated unit
fuelled with

7% NG, 90% B,
3% H2 mixture,
with 1 MWp of
PV field, %

March –0.363 –13.181 –0.354 –13.171
June –0.567 –13.384 –0.548 –13.366
September –0.771 –13.589 –0.760 –13.578
December –0.349 –13.166 –0.347 –13.164
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As indicated above in considering the integrated system the differences in
the output power from 25 kWp and 1 MWp systems influence the incomes
to a small extent – the results deviate at the second or third decimal point.
Thus, investing in larger photovoltaic farms to mitigate the costs of con-
ventionally fuelled system is rather unjustifiable.

4 Conclusions

The research indicated beneficial influence of hydrogen addition into the
natural gas/biogas fuel mixture for spark ignition engine-based power units.
Depending on the concentrations of the biogas, hydrogen addition was fol-
lowed by the rise in electric power, being generated, as well as significant in-
crease in the heat flux transferred to the district heating exchanger. Never-
theless, due to significant rise in exhaust gases temperature, such solution
might require prevention of the main outlet collector corrosion and higher
NOx emissions.

Application of sewage fermentation biogas-enriched fuel mixture leads to
essential rise in CO2 emissions, which is caused primarily by high CO2 con-
centration within the fuel. Although this might introduce certain benefits,
as drop in exhausts’ temperature, this leads to a significant rise in total
membrane separator load and drop in its operational parameters. Thus,
considering the ecological parameters, excessive addition of pure sewage
biogas might be deemed as disadvantageous. Nevertheless, the research sug-
gests the presence of the optimal fuel mixture composition, influencing both
satisfactory operational parameters of the power unit and low CO2/NOx
emissions.

Energy demand of the hydrogen generation process is incomparably
low to the potential rise in the energy produced by the unit, fuelled with
hydrogen-enriched mixture. When considering the potential incomes, com-
ing from utilization of the simplified system, profitability of transition
from conventional to alternative fuel is visible for both 70% and 90%
biogas content, but only for higher hydrogen shares (5% and 7%, respec-
tively). Nonetheless, when considering the system operating with the mem-
brane CO2 separation unit, any change in fuel from pure natural gas is
deemed as strongly unbeneficial due to large CO2 content in the derived
biogas.

Although utilization of all investigated fuel mixtures in the unit, equip-
ped with CO2 removal system, was followed by a loss in average daily
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incomes (due to vital rise in internal energy demand of the SI unit), the loss
indicated by the system supplied with 23% natural gas / 70% biogas / 7%
hydrogen mixture is vitally lower, than for other cases. This suggests, that
for similar mixture of intermediate natural gas content, lowered biogas share
and increased hydrogen content, the investigated system might exhibit some
profits.
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