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Abstract: Hydrogen has received increased attention in the last decades as a green energy carrier and
a promising future fuel. The integration of hydrogen, as well as the development of cogeneration
plants, makes the energy sector more eco-friendly, and sustainable. The aim of this paper is the
investigation of a solar-fed cogeneration system that can produce power and compressed green
hydrogen. The examined unit contains a parabolic trough collector solar field, a thermal energy
storage tank, an organic Rankine cycle, and a proton exchange membrane water electrolyzer. The
installation also includes a hydrogen storage tank and a hydrogen compressor. The unit is analyzed
parametrically in terms of thermodynamic performance and economic viability in steady-state
conditions with a developed and accurate model. Taking into account the final results, the overall
energy efficiency is calculated at 14.03%, the exergy efficiency at 14.94%, and the hydrogen production
rate at 0.205 kg/h. Finally, the payback period and the net present value are determined at 9 years
and 122 k€, respectively.

Keywords: solar system; cogeneration; ORC; green hydrogen; H,O electrolysis; parametric analysis

1. Introduction

Over the last years, increasing energy demand and the domination of fossil fuels in
the energy sector have led to serious environmental problems, and high greenhouse gas
emissions [1]. So, both international organizations and governments around the globe
have promoted environmentally friendly, and sustainable energy policies, which are based
on the incorporation of renewable energy sources, as well as energy savings, efficiency
enhancement, and the elimination of fossil fuel combustion [2]. Among renewable energy
sources, solar energy is a clean energy source that can fulfill the global energy demand. Solar
energy can be directly converted into electricity using photovoltaic (PV) devices and/or
stored as solar heat energy [3]. In the direction of high energy efficiency and the reduction
of carbon emissions, other solutions have also been proposed including the development
of cogeneration, and multigeneration systems [4], as well as the increasing growth of
alternative fuels such as green hydrogen [5]. These technologies can be incorporated into
the energy sector to achieve sustainable development goals.

From the existing developed devices that exploit renewable energy sources, solar
thermal collectors are the most promising technology to produce useful heat that achieves
high energy performance and low financial cost. These systems can be utilized in both
small-scale (space heating, domestic hot water) and large-scale applications (drying units,
solar power plants) [6]. The most well-established and commercially available technology
in this field is parabolic trough collectors (PTC). These collectors are made up of a linear
parabolic reflector that concentrates solar irradiation and a tubular receiver. They operate at
temperature values up to 400 °C using, most of the time, thermal oils as heat transfer fluids,
and at higher temperature levels using molten salts. PTC and other concentrating collectors
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are utilized to drive power cycles such as the Organic Rankine Cycle (ORC) [7]. In the ORC,
an organic substance with a lower boiling point is utilized, while a low-temperature heat
source is exploited, which comes from solar energy, geothermal energy, biomass, or waste
heat [8].

A solar-fueled ORC configuration coupled to a PTC solar field with both warm and
cold thermal energy storage tanks was examined in the literature by Yu et al. [9]. The
recuperative ORC with toluene, which performed better than the other working media,
achieved an overall efficiency, that increased by 24.8% compared to another published
study. For the case of the supercritical ORC, both thermal and overall system efficiency
were enhanced by 11.3% and 10.8%, respectively, compared to the corresponding sub-
critical ORC. Moreover, another study [10] investigated a geothermal-based ORC energy
system. The total energetic and exergetic efficiency was determined at 11.24% and 39.03%,
respectively. Additionally, the incorporation of the recuperator improved both the energy
and exergy efficiency by 15%. Furthermore, Bellos and Tzivanidis [11] analyzed an ORC
plant powered by low-temperature waste heat and solar energy which was absorbed by
PTCs. When toluene was utilized as the working medium, the overall energy efficiency
reached the value of 19.7%. On the other hand, according to the literature, researchers
have investigated energy plants based on ORC that produce more than one useful output,
apart from electricity. Carraro et al. [12] studied a micro-cogeneration installation, which
produced electricity and domestic hot water. The plant, which could be incorporated into
microgrids, contained a biomass boiler and an ORC unit. Therminol SP was used in the
heating circuit. So, the maximum value of the ORC electrical efficiency was found at 7.3%,
while the maximum cogeneration energy efficiencies of the whole system and the ORC
unit were found at 62% and 93%, respectively. Furthermore, when the oil temperature
was about 150 °C, the power production rate was calculated at 2.53 kW. In addition, Bellos
and Tzivanidis [13] analyzed a solar-powered trigeneration installation that produced
electricity, heating, and cooling. It consisted of a PTC field, a thermal storage tank, an ORC
unit, and a LiBr-H,O absorption machine, which was fed by the ORC-rejected heat. The
maximum achieved exergy efficiency was equal to 29.42%. Finally, the electricity, heating,
and cooling loads were calculated at 177.6 kW, 972 kW, and 398.8 kW, respectively, for the
optimum scenario.

In parallel, hydrogen has gained further attention and has been integrated into multi-
generation configurations, recently. At first, hydrogen is a promising energy carrier that is
not available in its molecular formula. It can be obtained from fossil fuels via hydrocarbon
reforming or pyrolysis, as well as renewable sources, such as water or biomass. In addition,
it can be combusted in an internal combustion engine or used in a fuel cell, while water is
the only by-product of the reaction [14]. Apart from the traditional utilization in ammonia
synthesis, the production of methanol, and petroleum refining, hydrogen can also be used
in powering vehicles or electricity production [15]. Furthermore, hydrogen has been sug-
gested as a solution to the energy storage problem because of the production fluctuations of
renewable energy sources. Although this element has a high gravimetric energy density, it
has a low volumetric one, so it must be compressed at high-pressure levels or liquefied [16].
The most common methods of hydrogen generation are the steam methane reforming of
natural gas, and water electrolysis, especially proton exchange membrane (PEM) water
electrolysis. Finally, hydrogen is considered a carbon-free and sustainable future fuel, if it is
produced from renewable sources (green hydrogen) or fossil fuels with additional carbon
capture [17].

Many publications in the literature are based on cogeneration or multigeneration units
and include hydrogen as a product. Al-Nimr et al. [18] analyzed a solar energy plant
that was based on concentrating photovoltaic/thermal (CPVT) collectors and an ORC
module with a geothermal condenser. Moreover, a water electrolyzer was integrated to
produce green hydrogen associated with a storage unit and a PEM fuel cell. The utilization
of ORC led to increased overall electrical efficiency by 15.72-17.78%, compared to the
case of using concentrated photovoltaics (CPV) only. In November, the overall system
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efficiency was calculated at 18.21-21.95%, while the photovoltaic cell’s efficiency was
found at 21.96% when the ORC was utilized as a waste recovery system. In addition,
Atiz et al. [19] proposed a configuration powered by PTC and a geothermal source that
produced electricity and hydrogen. That system also contained an ORC and a PEM water
electrolyzer. The system energy efficiency was calculated at 5.85%, the corresponding exergy
efficiency was determined at 8.27%, and the total hydrogen production rate was defined at
9807.1 g/day. Finally, Khanmohammadi et al. [20] analyzed a polygeneration installation.
The provided useful outputs are electricity, cooling, and hydrogen. It consisted of a flat
plate collector, an ORC unit, an absorption cooling unit, and a PEM water electrolyzer.
Through the optimization, overall exergy efficiency could be improved by 1.72-3.2%, and
the overall cost rate was equal to 22.28 $/h.

In the present study, a solar-powered cogeneration unit that gives power and green
hydrogen is investigated. The unit is based on a PTC field combined with a thermal
energy storage tank, and also contains an ORC module. Moreover, the system contains a
PEM water electrolyzer, which is fed with the power produced by the ORC generator, a
hydrogen compression unit, and a hydrogen storage tank. This study is an innovative one
because the configuration is focused on partial electricity storage in the form of hydrogen
by investigating different cogeneration scenarios for determining the optimum storage
strategy. More specifically, the excess electricity production by the ORC module can be
utilized for hydrogen production later use, promoting the overall system flexibility. The rest
electricity can be provided to the national grid, and the compressed hydrogen can be sold
as a fuel. This kind of system contributes to the increasing need for the storage of surplus
renewable energy and it makes possible the higher penetration on the grid of the low-grade
renewable electricity production systems. It is also suitable for independent energy systems,
such as in remote areas or islands. The configuration is studied parametrically, determining
the proper energetic, and exergetic evaluation rates, such as overall energetic and exergetic
efficiency, as well as economic indexes, such as the payback period and net present value.
Especially, the calculation of the aforementioned financial indexes is an innovative process
in this kind of configuration. In addition, there is a lack of studies analyzing the storage
capacity and the effect of electrolyzer input power share in a PTC-based energy system,
according to financial, energetic, and exergetic criteria. Finally, the analysis is performed in
steady-state operating conditions, and the simulation is carried out via the Engineering
Equation Solver (EES) software.

2. Material and Methods
2.1. Configuration Description

The heat input source of the examined unit is solar irradiation exploited by PTC. The
collectors are installed in a North-South axis direction, while an East-West axis tracker is
utilized. Taking into consideration the expected temperature values, Therminol VP-1 is
considered a proper heat transfer fluid. This oil can be utilized for temperature levels from
12 °C up to 400 °C [21]. The heat that has been absorbed by the oil, is then stored in a
thermal energy storage tank. The heated oil after the collector field enters the higher part of
the storage tank. Moreover, the thermal oil leaves the upper part from the other side to fuel
a regenerative ORC through a heat recovery system. The electricity produced by the ORC
generator is crucial to providing the necessary power input to the PEM electrolyzer. The
oil after the heat recovery system and before returning to the storage tank preheats water
which is fed to the electrolyzer [22]. The product of this device is highly pure hydrogen, as
the purity that can be achieved by water electrolysis is over 99.999% [23]. Subsequently,
the hydrogen is compressed, then cooled down to the ambient conditions, and finally
stored in a storage tank. As a result, the compressed hydrogen can be sold as green fuel or
introduced to the gas network. The production of green hydrogen via water electrolysis
to store energy for future use, when there is an amount of excess electricity, is the main
purpose of the present unit. The examined cogeneration unit is depicted in Figure 1.
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Figure 1. Solar-driven cogeneration system that produces electricity and hydrogen.

2.2. PTC Modeling

For the present installation, the parabolic collector LS-2 is used, which is a commonly
investigated device in the literature. The basic geometric values are the module width,
which is equal to 5 m, and the module length, which is about 7.8 m, so a module aperture
of 39 m? is determined. Moreover, the absorber tube’s outer diameter is about 70 mm, the
concentration ratio is about 22.74, and the maximum optical efficiency is equal to 73.3% [24].
Other geometrical and optical parameters can be found in Ref. [24], as well as the basic
thermal modeling of the collector can be found in Ref. [24]. PTCs can exploit solar beam
irradiation (Gyy), so the available solar irradiation (Qgy),r) is calculated as [24]:

Qsolar = Aa'Gbn (1)

The value (A,) is the collector aperture. In addition, the useful heat that is taken by
the working fluid is defined as [24]:

Q. = I‘i‘IC'Cp,Oﬂ'(TC,out - Tc,in) )

For the collector mass flow rate, the following estimation is considered, according to
Ref. [13]:
m. = 0.02-A, ®)

The incident angle modifier (K(6)) for the LS-2 PTC, considering the solar incident
angle (0) in degrees, can be determined as below [24]:

K(0) = cos(6) + 0.000884-6 — 0.00005369-62 )

In Ref. [25], other important expressions can be found which describe the heat con-
vection inside the tube, also the heat losses between the absorber and the cover as well as
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between the cover and the ambient. The energy balance of the thermal energy storage tank
is expressed by the following equation [26]:

Qst = Qu = Qin — Qloss 5)

More specifically, the stored thermal energy (Qg;) is equal to the heat input to the tank,
which is equal to the collector’s useful heat (Q,,), minus the heat outputs from the tank, that
are the heat transferred to the organic Rankine cycle system (Q;,) and the heat losses to the
ambient (Qyg). It is assumed that the storage tank does not store heat on the steady-state
calculations and the thermal oil temperature is uniform in the entire tank volume. The tank
heat loss coefficient (Ut) value is considered at 0.5 W/m?K [13].

2.3. ORC Modeling

Through the heat recovery system, the thermal oil transfers heat to the organic medium.
The heat recovery device consists of the economizer, the evaporator, and the superheater,
where the fluid is converted to saturated liquid, saturated vapor, and superheated vapor,
respectively. The pinch point (PP) in the inlet of the evaporator is assumed at 10 K [26]
and the superheating (ATg,) of 5 K [13] is considered. The heat recovery system modeling
is illustrated in Figure 2. To make this diagram clear, it is important to state that T3, Ts3,
and T34 are the organic medium temperature levels at the entrance of the economizer,
evaporator, and superheater, respectively, while T4 is the temperature level when the
organic fluid exits the superheater.

T (°C)

Ts,in

ATsh { | _

T34 Tsat T33

Q(w)
Qin

Figure 2. ORC heat recovery system modeling.

To avoid the two curves coming close, a minimum and a maximum heat recovery
system inlet temperature (T ;,) are considered by the following expressions taking into
account the pinch point and the ORC fluid saturation temperature (Tsat) [13].

Ts,in,min = Tgat + PP + ATsh ( 6)
—h
Tsinmax = T3 + PP + (Tsat - TS)'((hh;—h?;,)) )

Based on these two values above, a dimensionless parameter (b) is assumed to define
the inlet temperature as below [13]:

b= Ts,in - Ts,in,min (8)

Ts,in,rnax - Ts,in,min
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The parameter b is considered to be equal to zero, because the ORC achieves higher
energy and exergy efficiency in this case, according to Ref. [13]. The heat input to the
organic Rankine cycle (Q;,) is given as follows:

Qin = 1'hORC'(hél - h3) = ms'cp,oil'(Ts,in - Ts,out) (9)

Moreover, the ORC high-pressure (Phigh), is considered as a share of the organic
medium critical pressure (Pgit). The parameter (x) is a ratio that compares the high
pressure with the critical pressure and is defined below [26]:

_ Phign

o= (10)
Pcrit

The electricity demand of the ORC pump is defined as:

mogc:(hy —hy)

Ppump = (11)
TNmotor
The electricity production of the ORC turbine is defined as:
Prurb = Nmg Morc (hs — hs) (12)
The net ORC electricity product is calculated as:
P el, ORC — Prurb — Ppump (13)
The ORC thermal efficiency is equal to:
P
el,ORC (14)

NORC = T
m

Table 1 includes all the ORC parameters of the ORC [13,26]. Taking into consider-
ation the heat source’s possible temperature levels, organic working fluids with critical
temperatures in a range from 200 to 300 °C are selected. Toluene, MDM, cyclohexane, n-
heptane, and n-octane are examined as high-efficient and commonly-used fluids, according
to Refs. [11,13].

Table 1. ORC parameters.

Parameters of ORC Values
Heat recovery system pinch point (PP) 10K
Temperature difference of the recuperator (ATrec) 5K
Temperature difference of the ORC condenser 10K
Superheating (ATgy,) 5K
Pump’s Isentropic efficiency (Nis pump) 0.8
Efficiency of the pump motor (Nmotor) 0.8
Isentropic efficiency of the turbine (g turb) 0.85
Electromechanical efficiency (nyg) 0.97

2.4. PEM Water Electrolyzer Modeling

At this point, the thermodynamic analysis of the PEM water electrolyzer is presented,
which also includes an electrochemical model to describe the performance properly. Both
electricity and thermal energy are needed for the water electrolysis process. A portion of
the ORC power production is provided to the PEM water electrolyzer (P, wg). First of all,
the total energy (AH) that is needed for hydrogen production is given generally through
the following equation [27]:

AH = AG +T-AS (15)
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(AG) is Gibb’s free energy and (T-AS) represents the thermal energy demand. The flow
rate of the produced hydrogen (Nhydr) in mol/s is calculated below [28]:

Nhydr = m = Nw,reacted (16)

In the above expression, ] is the current density expressed in [A/m?], FC is the Faraday

constant, and Nw/ reacted 18 the molar flow rate of reacted water. In addition, the molar flow
rate of oxygen and water outlet are described by the equations below [28]:

oo ]
Nox = 1o 17)
Ky out = Ngjin — =9~ (18)
’ WA 2. FC
Moreover, the hydrogen fuel exergy rate (éXnydr) is calculated as [28]:
€Xhydr = €Xhydr,chem T €Xhydr,phy (19)

(€Xhydr,chem) and (€Xnydrphy) are chemical and physical exergy rates in kJ /mol, respec-
tively. The hydrogen chemical exergy is considered to be 236.1 k] /mol [29]. The physical
exergy can be defined as below [28]:

€Xhydr,phy = (h - hO) — To- (S - SO) (20)

Enthalpy (h) and entropy (s) are calculated for the water electrolysis conditions, and
the subscript “0” indicates the reference ambient conditions. The electricity input to the
electrolyzer can be described below [28]:

Pawg =]V (21)

The cell potential is the sum of the reversible potential (Vy), the activation overpotential
of the anode (Vact.an), the activation overpotential of the cathode (Ve cath), and the ohmic
overpotential of the electrolyte (Vopm). It is determined by the following expression [28]:

V=Vy+ Vact,an + Vact,cath + Vohm (22)
The reversible potential (V) is defined by the Nernst equation [27]:
Vo = 1.229 — 8.5-10~* (Twg — 298.15) (23)

where (Twg) is the temperature of the PEM electrolyzer and the membrane. The activation
overpotential of the electrodes (anode, cathode) is calculated as [28]:

Rg-Twg . ., _
R,-T ]
_ NgiWE 41
Vact,cath - FC sinh (2]O,cath) (25)

Exchange current densities, (Jp an) and (Jo catn), are defined by the following expres-
sions [28]:

Eact an
Jo,cn = Tt ex <—' > 26
0,xn an % Rg'TWE ( )
Jocatn = Jea ~exp<— Eh) (27)
,ca cath Rg'TWE
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gref) and (]?;fth) are the pre-exponential factors, while (Eactan) and (Eactcatn) is the
activation energy for the anode and cathode, respectively. Furthermore, the ohmic over-
potential represents the resistance of the PEM to the hydrogen cations passing through
it. The membrane ionic resistance is dependent on the degree of moisture, the thickness
of the membrane, and the PEM temperature. So, the local ionic conductivity o(x) of the
membrane can be described as [28]:

o[A(x)] = [0.5139-A(x) — 0.326]- exp [1268- (3(1)3 - Tj\/Eﬂ (28)

The distance (x) is counted from the cathode-membrane interface, and A(x) is the water
content at location x. This value is defined by the following equation [28]:

Aan — A
A(x) = == Acarn (29)

In Equation (29), (L) is the membrane thickness, (Aan) and (A,¢) are the moisture
contents at the anode-membrane and the cathode-membrane interface, respectively. Thus,
the overall PEM ohmic resistance (Rpgy) is calculated below [28]:

L dx
Rpem = /0 A (30)

So, the PEM ohmic overpotential is defined as [28]:
Vohm = J-Rpem (31)
The overpotentials lead to entropy generation o, which is calculated as [28]:
0 = 2-FC-(Vactan + Vactcath + Vohm) (32)

For o > T-AS, the heat produced because of the irreversibilities is equal to or higher
than the required heat for the electrolysis. So, external heat is not needed for the PEM
electrolyzer, and Qneat WE = EXheat wg = 0. If 0 < T-AS, the generated heat is lower than the
needed heat. So, the heat input to the PEM electrolyzer is given as follows [28]:

‘ J
Qheat,WE = [T'AS - G] 'Nw,reacted = ﬁ'[T'AS - G] (33)
The corresponding exergy rate of the heat input to the electrolyzer is calculated by the

following expression [28]:

T
EXheat,WE = Qheat,WE' <1 - T - ) (34)
WE

The heat required to preheat the incoming water up to (Twg) is defined as (Qpeat w)
and the corresponding exergy rate as (Expeat,w)-

All the parameters of the PEM water electrolyzer are included in Table 2 [28,29]. It
is essential to state that the selected pressure of 1 bar is the most conventional option,
according to the literature [30].
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Table 2. Parameters of the PEM water electrolyzer modeling.

Parameters Values
Oxygen pressure (Pox) 1.0 bar
Hydrogen pressure (Ppyqr) 1.0 bar

PEM water electrolyzer temperature (TWE) 80 °C (353.15K)

Reference temperature (Ty) 25 °C (298.15K)
Activation energy of the anode reaction (Eact,an) 76 kJ /mol
Activation energy of the cathode reaction (E,c¢ cath) 18 kJ/mol
Water content at the anode-membrane interface (Aan) 14 0!
Water content at the cathode-membrane interface (Aqain) 1001
Thickness of the membrane (L) 100 um

Gas constant (Rg) 8.314 J/mol-K

Faraday constant (FC) 96,485.3 s-A/mol
Hydrogen low heating value (LHVyyqr) 120 MJ /kg
Hydrogen chemical exergy (Exnydr,chem) 236.1 k] /mol

2.5. Hydrogen Compression and Storage System Modeling

After the electrolysis process, hydrogen is compressed up to the pressure level of
100 bar [31]. A portion of ORC power production is utilized to compress the hydrogen
into the proper pressure level to be sold as compressed hydrogen fuel for later use. So, the
electricity consumption rate of the hydrogen compressor is described below:

Mpygr- (hi14s — h
PeLHC _ hydr ( 11,is 10) (35)
TMis,comp Nmg

The isentropic efficiency of the hydrogen compressor njs comp is considered at 85%.
Because of the compression, hydrogen achieves high-temperature levels, so cooling is
needed. Then, the hydrogen is stored in a tank at a pressure of 100 bar and a temperature
of 25 °C [31]. In all the examined cases, a hydrogen storage tank of 10 kg is selected.

2.6. Querall Installation Indexes

The net electricity production of the whole installation (P net) can be defined by the
following expression:

Peinet = Pe,orc — Pel,we — PelHc (36)

The overall system'’s energetic performance (1) is calculated as:

Pelnet + LHVhydr Mpydr

Nen = (37)
- Qsolar
The overall system’s exergetic performance (1, ) is calculated as:
Ex + eXpyar-N
Nex = el,net hydr"*Nhydr (38)

Exsolar

The exergy rate of net electricity production (Exg net) is equal to the corresponding
energy rate (Pgj net). The solar exergy rate is described based on the Petela model by the
following equation [26]:

B 4 Tp 1/ Ty \*
EXsolar = Qsolar <1 g Teun + g (Tsun> ) (39)

The reference temperature (T) is defined at 298.15 K (25 °C) and the sun temperature
(Tsun) at 5770 K [26]. Similarly, the overall energy and exergy efficiency can be also described
on an annual basis taking into account the performance during the year.
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2.7. Financial Evaluation

The investment cost of the cogeneration unit (Cp) consists of the cost of the PTCs, the
thermal energy storage tank, the organic Rankine cycle, the PEM water electrolyzer, the
hydrogen compressor, the hydrogen storage tank, and the heat exchangers (water preheater
and hydrogen cooler). It is expressed below:

Co = Cprc + Cr + Corc + Cwe + Chc + Cust + ChEx (40)

In addition, the annual cash flow (CF) is determined assuming the annual inflows and
outflows. The annual inflows are defined as the income from electricity and green hydrogen
production, while the annual outflows include the operation and maintenance costs.

CF = Yei-Kei + Yhydr Knydr — Koam (41)

In the previous equation, (Y) is the yearly electricity production in kWh, (Ypyq,) is
the yearly hydrogen generation in kg, and (Kpyq,) is the selling cost of hydrogen in €/kg.
Furthermore, the simple payback period (SPBP) is calculated as:

_ G
SPBP = (42)

The payback period (PBP) is calculated as:

ln(CFSiléO.i)

PBP = 4
In(1+1) (43)
The net present value (NPV) is calculated as:

AN

NPV = —Cy + CF~% (44)
i-(1+1)
The internal rate of return (IRR) is determined by solving the following non-linear
equation:

IRR:g~ 1—% (45)

Co (1+IRR)

The aforementioned financial parameters are presented in Table 3.

Table 3. Financial analysis parameters.

Financial Parameters Values
PTC specific cost 230 €/m? [32]
Thermal energy storage tank specific cost 1000 €/m3 [26]
ORC specific cost 1800 €/kW,; [32]
PEM water electrolyzer specific cost 800 €/kW [33]
Hydrogen storage tank specific cost 600 €/kg [31,34]
Hydrogen compressor specific cost 1600 €/kW, [31]
Heat exchanger specific cost 100 €/kW [26]
Project lifetime (N) 25 years [32]
Discount factor (i) 4% [26]
Operation & maintenance cost (Kogn) 2% of the capital cost [32]
Cost of electricity (Kgp) 0.30 €/kWh [35]

2.8. Simulation Methodology

The analysis for both thermodynamic and financial calculations is performed in steady-
state conditions and carried out in the EES software, which solves non-linear equations
and contains a large properties database of numerous working fluids. So, the EES software



Appl. Sci. 2023,13,433

11 0f 22

database is used for the thermodynamic properties of all the examined working media.
The aforementioned developed models have been validated by the same research team
considering experimental data in Ref. [35].

The cogeneration unit is located in Athens, Greece. The solar field consists of 5 modules
of the LS-2 PTC, so the collector aperture (A,) is equal to 195 m?. Furthermore, the thermal
energy storage tank volume (Vr) is defined by the ratio of the collector aperture to the

storage volume (\%) This parameter is used in the literature and a typical value, that is

assumed in this study, is equal to 80 [13,32].

The simulation is conducted by taking into account a solar irradiation value that is
equal to 700 W/m?, a solar incident angle of 30°, and an ambient temperature of 25 °C.
Moreover, the configuration operates only on sunny days, so for the location of Athens, the
operating hours are assumed to be 2500 per year. According to Ref. [36], if the steady-state
simulation is performed in the aforementioned conditions, the results are similar to the
results of a detailed dynamic analysis, for a concentrated solar power plant in Athens.
So, these values are used to estimate all the important outputs, including the financial
indexes. In parallel, it is important to mention that no significant degradation of the PEM
water electrolyzer is expected, as the system is assumed to operate 62,500 h during the
25-year lifetime. It is estimated that the electrolyzer efficiency decreases by almost 1.1%
over 10,000 operating hours [37].

At first, the analysis is focused on the organic working fluid selection based on the
ORC exergy efficiency. Furthermore, a parametric analysis is performed and split into
two sections, the thermodynamic and the financial one. The examined thermodynamic
parameters are the share of ORC electricity production that powers the PEM water elec-
trolyzer, as well as the solar beam irradiation value, which varies from 500 to 900 W/ m2,
with a step that is equal to 200 W/m?. The main financial parameter is the selling price
of hydrogen, which varies from 5 to 15 €/kg [38]. After the parametric analysis, it is
essential to define a final system design through a simple optimization process. To carry
out this analysis, a dimensional criterion is considered, which includes two thermodynamic
objectives, i.e., the maximum overall system exergy efficiency and the maximum hydrogen
production. Through this criterion, a design case that produces a significant amount of
hydrogen without a sizeable reduction in the exergy performance is determined. According
to the criterion, the selected final point is the one that is closest to the ideal point, where the
two objectives are optimized at the same time. For this case, the dimensional criterion (F) is
expressed by the following equation [26]:

. . 2

2

F— ( TNex — Mexmax ) 4 ‘mhydr - mh.ydrmax (46)
Nexmax — Nexmin Mpydrmax — Mhydrmin

3. Results and Discussion

3.1. Preliminary Analysis

At first, the investigation is concentrated on the selection of the most proper working
medium for the organic cycle. So, the ORC energy efficiency, the ORC electricity produc-
tion, as well as the overall exergy efficiency are determined for different working fluids
considering various ORC high-pressure values. The high pressure varies though changing
the parameter (o) which is the ratio of the ORC high pressure to the critical pressure of
the medium in a range from 0.2 to 0.9 [26]. The system exergy efficiency is defined taking
into account that the electrolyzer is out of order, so the configuration operates as a power
plant. According to the results that are illustrated in Figures 3-5, in the cases of using
MDM, toluene, or n-octane, greater values of the ORC energy efficiency, the ORC electricity
production, and the exergy efficiency are achieved. However, the selection criterion has
been decided to be the overall exergy performance. More specifically, the total maximum
exergy efficiency is achieved utilizing MDM as the working fluid, while the parameter
(«) is equal to 0.9. In this operation scenario, the ORC electricity production is equal to
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24.776 kW, while the overall energy and exergy efficiency is determined at 18.15% and
19.49%, respectively. So, MDM is selected as the most proper working fluid for this case
study. This fluid is an appropriate choice for the examined heat source temperature level.
The most important parameters and outputs are presented in Tables 4 and 5, respectively.
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Figure 3. ORC energy efficiency depending on the parameter («) for different working fluids.
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Figure 4. ORC electricity production depending on the parameter (x) for different working fluids.
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Figure 5. Overall system exergy efficiency depending on the parameter («) for different working
fluids, considering only electricity production through the ORC.

Table 4. Design parameters of the system.

Parameters Values
Design ambient temperature (T pyp) 25°C
Solar beam irradiation (Gpy,) 700 W /m?
Incident angle (0) 30°
Collector aperture (A,) 195 m?
Ratio of collector aperture to the tank volume (6—;) 80 m?/m?
Ratio of the ORC high pressure to the critical pressure (o) 0.9
Heat recovery system inlet temperature definition parameter (b) 0

Table 5. System outputs when only electricity is produced.

Outputs Values

Solar energy input (Qgojar) 136.5 kW

ORC heat input (Q;,) 78.04 kW

ORC electricity production (Pe; orc) 24.78 kW
ORC thermal efficiency (ngrc) 31.75%
System energy efficiency (Nen) 18.15%
System exergy efficiency (1ney) 19.49%

3.2. Parametric Analysis of the System
3.2.1. Thermodynamic Parametric Analysis

For the thermodynamic calculations, the parameters that are taken into account are
the electricity input to the electrolyzer and the solar beam irradiation. When the default
irradiation value of 700 W/m? is considered, the PEM electrolyzer power input varies
from 0 to 22.92 kW, which is the case when the whole ORC electricity production is used
to power the PEM water electrolyzer and the hydrogen compressor, so there is no net
electricity generation. Consequently, the main plant outputs, which are the net electricity
production, the overall system energy, and exergy efficiency, are included in this section,
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depending on the electrolyzer power input and the solar beam irradiation. As it is shown
in Figure 6, the net electricity generation has a linear decreasing rate depending on the
electricity input to the electrolyzer. The maximum value is equal to 17.15 kW when solar
beam irradiation is equal to 500 W/m?, 24.78 kW when this value is equal to 700 W/m?,
and 32.40 kW when this value is equal to 900 W /m?. These are the cases of zero hydrogen
production and compression, while the minimum values are equal to zero when the
installation does not provide electricity and the entire power is utilized for hydrogen
production and compression. In Figures 7 and 8, it is illustrated that both energy and
exergy efficiency decrease when the electricity feeds to the PEM water electrolyzer, and
the hydrogen production rate increase. When the plant provides only electricity to the
grid, the energy and exergy efficiency are determined at 18.46% and 19.83%, respectively,
in the case of the solar beam irradiation that is equal to 900 W/m?. However, in the case
of maximum hydrogen generation, these rates are equal to 9.6% and 10.07%, respectively.
Finally, according to the results, the net power production, as well as the overall energy
and exergy efficiencies increase with the increase of solar beam irradiation. The calculated
values of both energy and exergy efficiency are greater than the corresponding ones defined
by Atiz et al. [19]. The authors of this study investigated a similar system that is based on
the PTC-powered ORC, as well as provides electricity and hydrogen, leading to an energy
efficiency of 5.85%, and an exergy efficiency of 8.27%. In the present work, it is assumed
that both the pump and turbine achieve high isentropic efficiency, enhancing the overall
ORC performance.
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Figure 6. Net electricity production depending on the power input to the electrolyzer for different
solar beam irradiation.
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Figure 7. Overall energy efficiency depending on the electricity input to the electrolyzer for different
solar beam irradiation.
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Figure 8. Overall exergy efficiency depending on the power input to the electrolyzer for different
solar beam irradiation.

3.2.2. Financial Parametric Analysis

The financial analysis is carried out by approaching the transient system operation. So,
a solar irradiation value that is equal to 700 W/m?, a solar incident angle of 30°, an ambient
temperature of 25 °C, as well as 2500 operating hours per year, are considered for this
approach. Different irradiation values are not included, as the financial study is important
to focus on economic parameters. The main examined parameter is the selling price of
hydrogen. Considering this variation, it is possible to evaluate the system financially in
different market conditions that may occur in the future. In parallel, different electricity
inputs to the PEM water electrolyzer are taken into account to investigate the influence of
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the hydrogen generation rate on economic viability. The fundamental financial indexes are
the PBP and NPV. Figures 9 and 10 indicate that the PBP and the NPV have a decreasing
and an increasing rate, respectively, depending on the hydrogen selling price. On the other
hand, the PBP and the NPV decrease, when the electricity that feeds the electrolyzer and
the hydrogen production increases. The highest financial performance is achieved when
the electricity input to the electrolyzer is equal to 2 kW, so the PBP is calculated at 7.12 years
and the NPV is determined at 156,226 € if the selling price is equal to 15 €/kg.

—o—Pel,WE=2 kW —o—Pel, WE=4 kW Pel, WE=6 kW Pel, WE=8 kW

—o—Pel, WE=10 kW —o—Pel, WE=12 kW —— Pel,WE=14 kW
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Figure 9. Payback period depending on the selling price of hydrogen for different electricity inputs
to the electrolyzer.
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Figure 10. Net present value depending on the selling price of hydrogen for different electricity
inputs to the electrolyzer.
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3.3. Final System Design Based on Thermodynamic Criteria

To define the final operation scenario, the objectives assumed are the maximum
possible system exergy efficiency and the maximum possible hydrogen production rate.
So, the selection is based on thermodynamic criteria and leads to an operation scenario,
that guarantees a basic hydrogen production amount with an acceptable configuration
exergy efficiency. As it is shown in Figure 11, the dimensional criterion (F) is minimized
when the electricity that is provided to the PEM water electrolyzer is equal to 11.5 kW.
The rest of the electricity produced by the ORC powers the hydrogen compression facility,
as well as is sold to the grid. At this point, it is essential to mention that to achieve
the aforementioned criteria, almost 50% of the ORC electricity load has to feed the PEM
electrolyzer. Consequently, the overall operation is balanced between the net electricity
production, and the electricity load provided for hydrogen generation.

1.00 ¢

Dimensional criterion (F)
e ° o o 54 o
y y ) ) ) o
=) a 1) a 5) «

o
o
«*

60 —r—>——m—m—m7—7vV">'7v- rr—r—r—"Tr—"TT7rTT 77T
0 1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23

Electricity input to the electrolyzer (kW)

Figure 11. Dimensional criterion (F) depending on the electricity input to the electrolyzer.

For this case, the overall energy efficiency is equal to 14.03%, the exergy performance
is determined at 14.94%, while the hydrogen production rate is equal to 0.205 kg/h. If
the selling price of hydrogen is equal to 15 €/kg, the PBP is equal to 8.9 years, the SPBP
is calculated at 7.37 years, the NPV at 121,777 €, and the internal rate of return at 12.92%.
In addition, the investment cost is found at 108,726 €. The useful outputs of the final unit
design are presented in Table 6. Finally, in Figure 12, the capital cost is analyzed and the
share of each subsystem and component is presented. According to this diagram, the
largest portion regards the PTC and ORC, with a share of 41.3% and 41%, respectively.

Table 6. Outputs of the final system design.

Outputs Values
ORC electricity production (Pej orc) 24.78 kW
Net electricity production (Pgj net) 12.32 kW
Electricity input to the electrolyzer (P wg) 11.5 kW
Electricity consumption of the hydrogen compressor (Pej yic) 0.96 kW
Hydrogen production rate (mpyqr) 0.205 kg/h
System energy efficiency (Men) 14.03%
System exergy efficiency (1ey) 14.94%
Capital cost (Cp) 108,726 €
Simple payback period (SPBP) 7.37
Payback period (PBP) 8.90
Internal rate of return (IRR) 12.92%

Net present value (NPV) 121,777 €
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Figure 12. Capital cost separation into parts.

4. Conclusions

The purpose of this publication is the parametric investigation of a solar-power co-
generation unit, which can produce electricity and compressed green hydrogen. The total
configuration consists of a PTC field, where solar irradiation is exploited, a thermal energy
storage tank, an ORC unit, a PEM water electrolyzer to produce pure hydrogen, as well
as a hydrogen compression and storage system. The analysis is focused on developing a
system that will achieve high thermodynamic performance and economic viability. The
unit has been investigated based on the climate data of Athens, Greece, while it can also be
installed in a remote area or island. The most dominant conclusions of this analysis are
described below:

- MDM s selected as the most proper working fluid because achieves the highest exergy
performance.

- When the power input to the electrolyzer and the hydrogen production rate increases,
the net electricity generation, energy efficiency, and exergy performance decrease,
while the installation is less economically viable.

- Inthe final unit design, the net electricity production is 12.32 kW and the electricity
that feeds the electrolyzer is 11.5 kW, which leads to a hydrogen production rate of
0.205 kg/h.

- The overall unit energetic performance is 14.03% and the exergy efficiency is 14.94%.

- The PBPis calculated to be equal to 8.9 years, the NPV is 122 k€, and the IRR is 12.92%.

- The present installation promotes the goals of sustainability and green energy policies
in the domain of green electricity production and energy storage.

Finally, future research should concentrate on detailed dynamic analysis and the
system control strategy. In parallel, the integration of other devices to produce additional
outputs, such as water heaters for useful heating or absorption chillers for cooling purposes,
as well as the installation of other solar collectors, should also be examined.
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Nomenclature
Aq Collector aperture, m?
C Component capital cost, €
Co System capital cost, €
p Specific heat capacity under constant pressure, J/kg-K
CF Cash Flow, €
Eact Activation energy, ] /mol
ex Specific exergy, ] /kg or ] /mol
Ex Exergy rate, W
F Objective function, -
G Gibb’s free energy, ] /mol
Gpn Solar beam irradiation, W/m?
h Specific enthalpy, J/kg or J/mol
i Discount factor, %
J Current density, A/m?
K Cost, €
K(0) Incident angle modifier, -
L Membrane thickness, mm
LHV Low Heating Value, k] /kg
m Mass flow rate, kg/s
N Lifetime, years
N Molar flow rate, mol/s
NPV Net Present Value, €
P Pressure, bar
Py Electricity rate, W
PBP Payback Period, years
Q Energy rate, W
q Thermal losses per collector aperture, W/m?
R Ohmic resistance, Q)
Rg Gas constant, J/(mol-K)
s Entropy, J/mol or J/kg
SPBP Simple Payback Period, years
T Temperature, °C or K
t Time, s
U Heat loss coefficient, W/m?2K
u Velocity, m/s
A\ Potential, V
Vr Thermal storage tank volume, m3
\Y, Volumetric flow rate, m3/s
Y Yearly parameter, -
Greek symbols
A Difference
n Efficiency, -
0 Incident angle, ©
A(X) Water content, Q!
p Density, kg/ m3
o Entropy generation, J/mol
o(x) Local ionic conductivity of the membrane, s/m
X Distance from the cathode-membrane interface, mm
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Subscripts and superscripts

0 Reference condition
act Activation

air Air

amb Ambient

an Anode

C Collector

cath Cathode
chem Chemical
comp Compressor

cool Coolant

crit Critical point

el Electricity

en Energy

ex Exergy

fluid Fluid

HC Hydrogen compressor

heat Heating

HEX Heat exchanger

high High value

HST Hydrogen storage tank
hydr Hydrogen

in Inlet

is Isentropic

loss Losses

low Low value

max Maximum value
mg Electro-mechanical
min Minimum value
motor Motor

net Net value

Oo&M Operation and maintenance
ohm Ohmic

oil Thermal oil

ORC Organic Rankine Cycle

out Outlet

ox Oxygen

PEM Proton exchange membrane
phy Physical

PTC Parabolic trough collector
pump Pump

reacted Reacted

rec Recuperator
ref Reference

sat Saturation

sh Superheating
solar Solar energy
st Stored in the tank
sun Sun

T Tank

th Thermal

turb Turbine

u Useful

w Water

WE Water electrolyzer
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Abbreviations
CprV Concentrated photovoltaic
CPVT  Concentrated photovoltaic/thermal collector

EES Engineering Equation Solver
FC Faraday Constant
IRR Internal Rate of Return

ORC Organic Rankine Cycle
PEM Proton Exchange Membrane
PP Pinch Point

PTC Parabolic Trough Collector
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