
Citation: Bahrami, A.; Soltanifar, F.;

Fallahi, P.; Meschi, S.S.; Sohani, A.

Energy and Economic Advantages of

Using Solar Stills for Renewable

Energy-Based Multi-Generation of

Power and Hydrogen for Residential

Buildings. Buildings 2024, 14, 1041.

https://doi.org/10.3390/

buildings14041041

Academic Editor: Cinzia Buratti

Received: 20 January 2024

Revised: 23 March 2024

Accepted: 25 March 2024

Published: 8 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Energy and Economic Advantages of Using Solar Stills for
Renewable Energy-Based Multi-Generation of Power and
Hydrogen for Residential Buildings
Armida Bahrami 1 , Fatemeh Soltanifar 1, Pourya Fallahi 1, Sara S. Meschi 2 and Ali Sohani 3,*

1 Department of Mechanical Engineering, University of Hawaii at Manoa, Holmes Hall,
Honolulu, HI 96822, USA; abahrami@hawaii.edu (A.B.); fsoltani@hawaii.edu (F.S.); pourya@hawaii.edu (P.F.)

2 Department of Mechanical and Aerospace Engineering, University of California Irvine,
Irvine, CA 92697, USA; smeschi@uci.edu

3 Department of Enterprise Engineering, University of Rome Tor Vergata, Via Del Politecnico 1,
00133 Rome, Italy

* Correspondence: ali.sohani@uniroma2.it

Abstract: The multi-generation systems with simultaneous production of power by renewable
energy, in addition to polymer electrolyte membrane electrolyzer and fuel cell (PEMFC-PEMEC)
energy storage, have become more and more popular over the past few years. The fresh water
provision for PEMECs in such systems is taken into account as one of the main challenges for
them, where conventional desalination technologies such as reverse osmosis (RO) and mechanical
vapor compression (MVC) impose high electricity consumption and costs. Taking this point into
consideration, as a novelty, solar still (ST) desalination is applied as an alternative to RO and MVC
for better techno-economic justifiability. The comparison, made for a residential building complex in
Hawaii in the US as the case study demonstrated much higher technical and economic benefits when
using ST compared with both MVC and RO. The photovoltaic (PV) installed capacity decreased by
11.6 and 7.3 kW compared with MVC and RO, while the size of the electrolyzer declined by 9.44 and
6.13%, and the hydrogen storage tank became 522.1 and 319.3 m3 smaller, respectively. Thanks to
the considerable drop in the purchase price of components, the payback period (PBP) dropped by
3.109 years compared with MVC and 2.801 years compared with RO, which is significant. Moreover,
the conducted parametric study implied the high technical and economic viability of the system with
ST for a wide range of building loads, including high values.

Keywords: solar still desalination; hydrogen production; renewable energy; PV power production;
techno-economic assessment; residential buildings

1. Introduction
1.1. Background

The fast growth in the population from one side and enhancement in the standard of
living from another side has led to an exponential increase in the demand for electricity in
different sectors, including buildings [1–3]. Such increasing demand could not be solely
met by conventional solutions, and novel alternatives have also come into operation for
this purpose [4,5]. One economic and energy-efficient method, multi-generation systems,
has been widely employed [6–8]. As the name suggests, in a multi-generation unit, the
given energy is utilized for producing more than one product [9,10].

1.2. Literature Review

There are several types of multi-generation units with different products. One of the
most popular ones is multi-generation systems with power and hydrogen production at
the same time, in which a desalination system is employed for producing the required
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fresh water from the saline one [11–13]. As an example of the conducted works in this
field, Dezhdar et al. [14] investigated a renewable energy system integrating wind and
solar sources to produce power, heating, and cooling. The system is composed of RO, a
hydrogen storage tank, battery storage, PVs, a wind turbine, a fuel cell, and heat pumps.
By assessing six cities in Iran for optimal plant placement, the authors analyzed the fuel cell
power, heating and cooling capacities, PV angle, and count. Their findings emphasized the
substantial influence of electricity production components on electricity generation, system
costs and fuel consumption. Utilizing the response surface method, the study derived
optimal configurations, contributing valuable insights to the sustainable energy discourse.

Moreover, Bozgeyik et al. [15] highlighted the increasing importance of renewable
energy amid rising energy demands and environmental challenges. Their study explored
solar-based poly-generation units without and with a once-through MSF freshwater pro-
duction plant, focusing on thermodynamics. Their system produced hydrogen, electricity,
and hot water. The results showed hydrogen production at 20.39 kg/day, with the ORC
energy and exergy efficiency at 16.80% and 40% and the overall system efficiency at 78%
and 25.5%, respectively. Integrating a once-through fresh water production plant enhanced
domestic hot water production without affecting the hydrogen rates, resulting in a fresh
water capacity of 5.74 m3 per day with 10 stages.

In another investigation, Ahmadi et al. [16] introduced a solar multi-generation system
with parabolic trough solar collectors (PTSCs) and storage tanks, operating in three modes
based on solar radiation. A geothermal component optimized dissipated heat use. Their
system, including the solar components of one single-effect absorption chiller (SE-ARC),
three humidification-dehumidification (HDH) modules, one regenerative and two organic
Rankine cycle (ORC) systems, and desalination units, was evaluated for energetic and
exergetic efficiency. The results showed improved fresh water and hydrogen production,
with the overall efficiency surpassing those of similar studies. Notably, the PTSCs and
storage mode evaporator 1 exhibited significant exergy destruction rates.

Furthermore, Karapekmez and Dincer [17] scrutinized power plants heavily reliant
on fossil fuels, recognizing their environmental impact. To counteract greenhouse gas
emissions, their study advocated for cleaner production through the integration of re-
newable energy and hydrogen production. Emphasizing geothermal energy challenges,
a renewable-based energy system was proposed, featuring solar, wind, and geothermal
resources. The model incorporated one electrolyzer and one H2S abatement unit to curb
emissions. Thorough thermodynamic analysis considered the key parameters and operat-
ing conditions, revealing reduced hydrogen sulfide emissions and hydrogen production
with the first-law and second-law efficiencies at 52.97% and 55.69%, respectively. Addi-
tionally, Assareh et al. [18] explored alternative energy sources due to diminishing fossil
fuels, emphasizing solar and geothermal energies. Their study conducted a comparative
analysis of geothermal- and solar-driven poly-generation units, assessing energy and ex-
ergy for the clean production of H2 and power. Utilizing Engineering Equation Solver,
the models considered Bandar Abbas’s ambient temperature. The results favored the
geothermal system, showing 0.17% greater exergy efficiency and 11.21% more H2 genera-
tion. Sensitivity analysis identified the key parameters, and exergy analysis highlighted
the evaporator’s significant role. Their unit annually produced 174.913 kg of H2 and
352,816 kWh of electricity.

Hashemian and Noorpoor [19] presented a pioneering biomass-geothermal-assisted
poly-generation unit, investigating it from a thermo-environmental-economic perspec-
tive and employing multi-objective optimization by utilizing an ORC, biomass combustor,
PEMEC, and two-effect absorption refrigeration system. An environmental evaluation high-
lighted reduced NOx and CO2 emissions compared with coal. The results demonstrated
significant production of electricity, heating, cooling, freshwater, and H2, with energetic
and exergetic efficiencies at 58.54% and 16.45%, respectively. Multi-criteria optimization
enhanced the techno-economic operations, achieving an exergetic efficiency of 17.26% and
a total cost rate of USD 1.57 per second in the optimal scenario.
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Pietrasanta et al. [20] investigated the past optimization of combined low-scale absorp-
tion refrigeration and two-purpose fresh water production units within a multi-generation
framework. They formulated the problem for optimization, incorporating a water heater,
water-lithium bromide absorption refrigeration, a multi-effect distillation desalination
plant, and a natural gas combined-cycle system. The specified design parameters included
freshwater and power production potential, thermal load for heating, refrigeration capac-
ity, and the integrated system’s optimization, aimed at minimizing the total yearly cost
and whole area for heat transfer. Their study analyzed the impact of distillation effects
on optimal solutions, resulting in cost-effective configurations for the multi-generation
system. In addition, Khanmohammadi et al. [21] explored the past thermodynamic mod-
eling and multi-objective optimization of a solar-based poly-generation unit generating
hot water, heating, cooling, hydrogen, and freshwater via a humidification and dehumidifi-
cation (HDH) unit. With high-radiation areas facing water scarcity, solar-based systems
were considered promising. The primary objectives included comprehensive assessment
and optimization for potable water and valuable outputs. Thermodynamic modeling
and environmental simulation identified the heliostat as the primary exergy destruction
source (1867 kW). The pump and heliostat had the lowest exergy efficiency (52.09% and
65.39%, respectively). Parametric analysis revealed varying effects, and multi-objective
optimization, using an evolutionary genetic algorithm, addressed the diverse impacts on
the studied system.

Wang et al. [22] introduced a past poly-generation energy configuration based on
biomass/gasification (Biog) coupling processes. The system integrated a Rankine cycle,
solid oxide electrolyzer (SOE)-based water electrolysis cycle, and multi-effect desalination
(MED) unit for electricity, hydrogen fuel, and freshwater generation. They investigated
parametrically and from exergoeconomic, energetic, and thermodynamic perspectives a
poly-generation set-up aimed at efficient, modern, and green outcomes. The results showed
electrical power generation of around 1735 kW, along with 9.880 tons per hour of water
and 12.3 kg per hour of H2 production. The system achieved a total product unit exergy
cost and energy efficiency of USD 16.6 per GJ and 36.4%, respectively, and an exergetic
efficiency of almost 17%. A comparison with different biomass fuels highlighted variations
in the total product unit exergy costs. Bozgeyik et al. [23] conducted a study proposing
a solar-, geothermally, and biomass-based poly-generation unit, addressing a literature
gap in sub-system design patterns. Using various components, the system produced
power, hydrogen, heating, cooling, and freshwater. EES software assessed its performance,
revealing energy and exergy efficiencies of 65.55% and 27.09%, respectively. The system
delivered 7.76 MW of power, 3.52 kg/h of hydrogen, and 6.16 kg/s of freshwater. The unit
product cost was USD 21.79/GJ, and the social-ecologic factor stood at 1.37, showcasing
the system’s sustainability and environmental impact.

Turgut and Dincer [24] pioneered a novel integrated system, harnessing microalgae
biomass for electricity, freshwater, and hydrogen without fossil fuel reliance. Emphasizing
local renewable sources, the study aimed to minimize the environmental impact. The sys-
tem capacities and efficiencies were analyzed using Engineering Equation Solver software.
The results indicated electricity production of 2372.564 kW, a daily freshwater capacity
of 2.9 ton, a hydrogen capacity of 84.35 kg/day, and a biogas capacity of 302 kg/day.
Exergy destruction occurred primarily in the anaerobic digester and combustion chamber.
Parametric studies explored temperature and compression ratio variations, influencing
the overall efficiencies. The total exergy and energy efficiency values were 41.7% and
52.6%, respectively. Another investigation was carried out by Ratlamwala et al. [25], in
which they investigated a poly-generation unit combining renewable and non-renewable
sources of energy for sustainable community energy. When comparing non-conventional
and conventional nano-based fuels, the unit produced power, desalinated water, heating
and cooling for space, hot water, and industrial waste heat. Variations in the geothermal
fluid parameters were assessed, and the fuels with higher calorific values demonstrated
superior system outputs.
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1.3. Contributions of This Paper

In the multi-generation systems with both electricity production and a need for fresh
water, one of the crucial issues is the type of desalination technology used, since conven-
tional desalination systems consume a considerable amount of energy and also impose
a high cost. Therefore, based on the literature review conducted in the previous part, as
a novelty, this investigation comes forth with the idea of using STs as an alternative for
conventional desalination technologies to achieve higher technical and economic benefits.
A multi-generation system with PVs as well as PEMEC-PEMFCs, which are responsible for
providing electricity for a residential building complex, are considered. STs are compared
with RO and MVC systems, two widely used conventional technologies, in terms of vari-
ous performance indicators, such as the required amount of PV installation, electrolyzer
size, hydrogen storage tank volume, the initial purchase price of the system, and PBP. A
parametric study has also been conducted to realize the impact of building load on the
performance indicators.

1.4. Organization of the Paper

An organization consisting of five sections was chosen for this work. The first section
is the Introduction, which has already been presented. After the Introduction, the Methods
and Materials, including the details about the investigated system in addition to energy
and economic modeling, are explained in Section 2. Section 3 introduces the case study. In
Section 4, the results are given and discussed. The paper is wrapped up by introducing the
conclusion in Section 5.

2. Methods and Materials
2.1. The Studied System

Figure 1 introduces the studied system. In this system, PV modules are responsible
for producing power with received solar radiation. The consumer is also a number of
residential buildings, and the system is off-grid, which means no electricity exchange
between the system and the network happens. If the generated electricity is more than the
requirement of the consumer, then the extra produced PV modules are sent to an electrolyzer
(EC) (which is a proton exchange membrane (PEM)), where water is decomposed into H2
and O2 through electrolysis reactions. The produced H2 by the PEMEC is then compressed
and is sent into the H2 storage unit. The stored H2 is utilized during the time the PV
modules could not offer the consumer requirement (nights, times with cloudy skies, low
radiation levels, and so on). It is consumed by a fuel cell (FC) to generate electricity. The
considered type of FC here is a PEM, like with the EC. Since electrical energy by both the
PV modules and PEMFC have a direct current (DC), the system was equipped with an
inverter as well to change the DC to an alternating current (AC) for electrical appliances in
the building.

The PEMEC needs water for producing H2. The used water should have acceptable
requirements, including the proper salt levels. Taking this point into consideration, a water
desalination unit was employed in the system for reducing the level of salts in the available
water to the desired extent. Three types of desalination technologies are considered and
compared here. Two of them are reverse osmosis (RO) and mechanical vapor compression
(MVC) as the conventional systems, while another is a solar still (ST), a novel developing
technology. The ST is an active system (with pumping for recirculation of water in a solar
collector), while RO and MVC need electricity to run. Therefore, a part of the produced
electricity is used for them, and the purified water is sent to a water tank for storage.
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Figure 1. The studied system.

2.2. Energy Simulation
2.2.1. PV

A PV is running to produce the electrical power, whose value can be obtained accord-
ing to Equation (1) [26]:

.
WPV = PPV = ηre f

(
1 − βre f (TPV − Tre f )

)
GAPV (1)

In which A, G, T, β, and η indicate the area, irradiance, temperature, thermal coeffi-
cient, and efficiency, respectively, while for the photovoltaic and reference conditions, the
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subscripts ‘PV’ and ‘ref’ are utilized, respectively. TPV can be calculated using the Sandia
Array Performance Model (SAPM) approach [27]:

TPV = G × exp(a + b × WS) + Ta (2)

where a and b are the coefficients related to the material types of the front and back and the
configuration of the PV strings, which are ‘glass/polymer’ and ‘open rack’, respectively.
Accurate modeling was of great importance, which could be accomplished using precise
coefficients [28–30]. For this condition, the a and b values were −3.56 and −0.075 m−1·s [27].
Moreover, the reference condition had solar radiation (G) and ambient temperature (Ta)
values of 1000 W·m−2 and 20 ◦C, respectively.

2.2.2. PEMEC

In a PEMEC, the water is decomposed into H2 and O2 [31–33]:

H2O + electricity → H2 +
1
2

O2 (3)

The reaction of Equation (3) needs electricity to be completed. The required electricity
comes from the excess production of the PVs. The produced mass of H2 by the electrolyzer
is as follows [34,35]:

mH2,elz =

.
Welz

2FVelz
(4)

where
.

W is the power (work) and the subscript ‘elz’ denotes the electrolyzer. In addition,
m indicates the mass, and V is the voltage. Furthermore, the Faraday constant is shown by
F, whose value is 96,485.3 A·s·mol−1. In order to obtain Velz, Equation (5) can be used [36]:

Velz =
1.25

ηV,elz
(5)

The electrolyzer voltage efficiency is represented by ηV,elz in Equation (5).

2.2.3. Desalination Units

From the performed calculations for the PEMEC, the amount of produced H2 for each
time interval was known (Equation (4)). Based on the chemical reaction of the PEMEC,
for the production of 1 kmol of H2, 1 kmol of H2O should be decomposed. Therefore, the
amount of required water, which is assumed to be completely supplied by desalination
unit, would be as follows [37]:

mH2O,elz = mH2O,des =
mH2,elz

MMH2

× MMH2O (6)

The molar masses for H2 and H2O are 2 and 18 kg·kmol−1, respectively. Consequently,
we have

mH2O,elz = mH2O,des =
18
2

× mH2,elz = 9mH2,elz (7)

While the consumed electrical energy for the ST is considered negligible (due to having
only a pump), for the RO and MVC units, the values of 3.25 and 9.50 kW· kg−1

H2O were taken
into account, respectively [38].
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2.2.4. Compressor

The denser H2 is, the less space is required for its storage. Therefore, the produced
H2 passes through a compressor for the pressure increase. The required work from the
compressor is expressed as follows [39]:

.
WC = cp

TC,in

ηC

(
(rc)

k−1
k − 1

) .
mc (8)

Equation (8) is written while assuming H2 is an ideal gas whose specific isobaric heat
capacity is shown by cp. The ratio of the specific isobaric to isovolumic heat capacities is
also indicated by k. Additionally, for the compressor and inlet, the subscripts ‘C’ and ‘in’
are utilized.

2.2.5. Electrolyzer H2 Mass Flow Determination

Both the compressor and desalination unit consume parts of the excess electricity
whose values are a function of mH2,elz. The remaining part is used for the production of
H2, and the value is determined only if mH2,elz is known. Therefore, a nonlinear equation
should be solved to find mH2,elz:

.
WPV −

.
Wrequired load −

.
Welz −

.
WC −

.
WDES = 0 i f

.
Wrequired load ≤

.
WPV (9)

2.2.6. Hydrogen Storage Tank

After being compressed by the compressor, H2 enters the storage tank for use at the
times when PVs are not able to meet the required power of the building. H2 behaves like
an ideal gas. Therefore, the hydrogen storage tank volume (∀tank) could be computed using
Equation (10) [36]:

∀tank =
mH2,maxTtankRH2

Ptank
(10)

Here, ∀ and R are the volume and gas constants, respectively, while the subscripts
‘tank’ and ‘max’ represent the tank and maximum values, respectively.

2.2.7. PEMFC

In the time deficit in the power production of PVs, PEMFCs come into operation. In a
PEMFC, H2 is supplied from the storage tank and takes part in the reaction with O2. The
reaction is accompanied by generation of work (electricity) and heat at the same time:

H2 +
1
2

O2 → H2O + work + heat (11)

The reaction of Equation (11) is the superposition of two reactions in the anode and
cathode parts [40]:

2H+ +
1
2

O2 + 2e− → H2O (12)

H2 → 2H+ + 2e− (13)

The consumed H2 for production of the electrical power of
.

WFC equals the follow-
ing [41]:

mH2,FC =

.
WFC

2VFCηFCF
(14)

where all the parameters have been introduced except for the subscript ‘FC’, which repre-
sents the fuel cell.

The voltage of the fuel cell, symbolized by VFC, is found using Equation (15) [42]:

VFC = Vnernst − Vohmic − Vactivation − Vconcentration (15)
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Here, Vnernst is the ideal value. It is calculated with Equation (16) [43]:

Vnernst = 1.229 − 8.5 × 10−4(TFC − 298.15) + 4.3085 × 10−5TFC
[
ln(PH2) + 0.5 ln(PO2)

]
(16)

In Equation (16) [43], we have

PH2 = 0.5PH2O

 1

exp
(

1.653iFC
TFC

1.334

)
xsat

H2O

− 1

 (17)

PO2 = P
[

1 − xsat
H2O − xchannel

other gases exp
(

0.291iFC

TFC
0.832

)]
(18)

In which the following applies [41]:

iFC =
IFC
AFC

(19)

Furthermore, Equations (20)–(24) are applied to find the other parameters required to
calculate Vnernst [43]:

xsat
H2O =

PH2O

P
(20)

Log10PH2O = −2.1794 + 0.02953(T − 273.15)
−9.183 × 10−5 × (T − 273.15)2 + 1.4454 × 10−7 × (T − 273.15)3 (21)

xchannel
other gases =

xin,hum
other gases − xout,hum

other gases

ln
[

xin,hum
other gases/xout,hum

other gases

] (22)

xin,hum
other gases = 0.79

(
1 − xsat

H2O
)

(23)

xout,hum
other gases =

1 − xsat
H2O

1 + (λair−1)
λair

× 0.21
0.79

(24)

Here, the air stoichiometry is shown by λair.
The ohmic voltage loss of the PEMFC can be determined with Equation (25) [44]:

Vohmic = iFCRFC,internal (25)

where RFC,internal in Equation (25) is the PEMFC’s internal resistance, which is computed
using Equation (26) [45]:

RFC,internal =
ρML

Ae f f ,FC
(26)

where L and ρM indicate the thickness and membrane-specific resistance. Moreover, the
subscript ‘eff’ represents the effectiveness. In order to find the value of the membrane-
specific resistance, Equation (27) is employed [43]:

ρM =

181.6
[

1 + 0.03iFC + 0.062iFC
2.5

(
T

303

)2
]

[23 − 0.634 − 3iFC]× exp
(

4.18
(

T−303
T

)) (27)

The activation voltage loss is determined by Equation (28) [43]:

Vactivation = −
[
ζ1 + ζ2TFC + ζ3TFC ln

(
CO2

)
+ ζ4TFC ln(iFC)

]
(28)
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There are four coefficients for Equation (28) from ζ1 to ζ4. Another variable in
Equation (28) is the O2 concentration, which is computed via Equation (29) [43]:

CO2 =
PO2

5.08 × 106 exp
(
− 498

TFC

) (29)

The voltage loss due to concentration can be obtained through Equation (30) [43]:

Vconcentration = Mcorr × exp(Ncorr × iFC) (30)

where Ncorr and Mcorr are the variables related to the porosity of the gas diffusion layer
and electrolyte conductivity, respectively. For a working temperature higher than 312.5 K,
which is the considered range here, Equation (31) can be applied to find Mcorr [43]:

Mcorr = 1.1 × 10−4 − 1.2 × 10−6(TFC − 273.15) (31)

2.3. Economic Simulation

On one hand, the system has three expenses, which are as follows:

1. The initial purchase price of the components;
2. The cost of purchasing materials;
3. The cost of operation and maintenance.

On the other hand, income comes from not buying electricity from the network [46].
Since the expenses and income take place at different times, the present value (worth) of
each should be calculated to make them summable [47–49]. For the present worth of money
that the value of CF0 at the origin time has, which is paid or received at time t, Equation (32)
computes the present value [50]:

PWCF =
CF0 × (1 + i)t−1

(1 + d)t (32)

Here, i and d denote the inflation and discount rates, respectively.
The payback period (PBP) is the time when the income can cover all the paid ex-

penses [51,52]:

−∑
i

PWcapital cost−∑
j

PWmaterial cost −
PBP

∑
t=0

PWO&M cost +
PBP

∑
t=0

PWelectricity saving+
PBP

∑
t=0

PWsold hydrogen = 0 (33)

The expressed equations in this part are general, and the specific values to perform
calculations for the investigated case are given in the Case Study section.

3. Case Study

The case investigated in this study for which the multi-generation system would
provide load is a complex of 100 residential buildings located in the U.S., namely in Hon-
olulu, Hawaii. The place is at 157.8581◦ W and 21.3099◦ N. The load values were obtained
directly from the bills, the annual profile of which is depicted in Figure 2. Moreover, Table 1
shares the information about the characteristics of different system components, while
the considered values for the economic criteria are provided in Table 2. Additionally, the
typical meteorological year (TMY) data, found in [53], were utilized for the ambient and
radiation input parameters in modeling.
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Figure 2. The annual electricity requirement of the studied residential buildings.

Regarding the data presented in Table 2, it should be noted that some of the initial
purchase price values were extracted from works with different locations than the US as
the case study. For instance, the data of reference [54] came from [55], in which some costs
were taken from [56]. The latter were for the UAE. However, the components used in the
investigated systems (including the ones in this study) were chosen from the ones that are
widely available in the market (commercialized products), and there are some international
companies that provide them all around the world. The provided initial purchase prices
for the equipment manufactured by those companies are almost the same in various parts
of the world. Therefore, despite being originally used for another location than the US (i.e.,
the UAE), the values were also utilized for the US here. A similar fashion was followed
in the literature as an acceptable consideration (such as the cases of [54,55], which were in
Iran and Nigeria (not the UAE), respectively).

Table 1. The characteristics of the employed parts.

Parameter Value Reference

PV module type Mono-crystalline [57]
Tracking status of PV Single-axis tracking -

number of PV per string 5 -
βref of PV −0.30%·K−1 [57]
ηre f of PV 17.7% [57]

PV nominal power 290 W [57]
PV dimensions 1.64 × 1.00 × 0.035 m3 [57]

ηC of compressor 0.85 [54]
rc of compressor 10 [54]

Ae f f ,FC of PEMFC 25 cm2 per each cell [54]
L of PEMFC 0.036 cm [54]

ηFC of PEMFC 0.80 [54]
ζ1 of PEMFC −0.9514 V [54]
ζ2 of PEMFC 0.00312 V·K−1 [54]
ζ3 of PEMFC 0.000074 V·K−1 [54]
ζ4 of PEMFC −0.000187 V·K−1 [54]

ηV,elz of PEMEC 0.74 [58]
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Table 2. The economic criteria values.

Parameter Value References

System life span 25 years -
Bought hydrogen cost USD 3 per kg [59]

Discount 6.54% [60]
Inflation 3.1% [60]

Price of electricity Variable during year [61]
Cost for operation and maintenance 0.045 IPP [50,62]

The initial
purchase price

ST USD 0.03975 per m3 of capacity [63]
MVC USD 80 per daily m3 [64]
RO USD 0.2340 per m3 of capacity [65]

Miscellaneous items 0.05 of the summation of the
indicated components [54]

PEMFC USD 2000 per kW [66]
Inverter USD 100 per kW [67]

Hydrogen storage tank USD 1.7 per m3 [68]
Compressor USD 240 per kW [69]

PEMEC USD 900 per kW [70]
PV USD 250 per kW [71]

4. Results and Discussion
4.1. The Enhancement Potential of the Proposed System

In this part, the system with the ST (the proposed one) is compared with the conven-
tional ones (i.e., the ones with RO and MVC technologies). Figure 3 provides the results,
where different performance indicators of the system are evaluated. MVC consumed
the most electricity among the desalination technologies, and therefore, they needed the
maximum installed PV capacity among them, with a value of 145.0 kW, as per Figure 3a.
Figure 3a also indicates that the condition with application of RO needs an installed capac-
ity of PVs equal to 140.7 kW. Using the ST for the multi-generation unit was accompanied
by a considerable decrease in the installed capacity of the PVs, where the value was found
to be 11.6 and 7.3 kW lower than those for MVC and RO, respectively.

The lower installed capacity for PVs means less excess electricity to be shared with
the PEMEC. Hence, the system with desalination technologies with higher electricity
consumption had a greater PEMEC capacity. According to Figure 3b, the PEMEC capacity
for the multi-generation unit with MVC was 121.8 kW, while the corresponding value for
RO was 117.5 kW. The ST had a smaller capacity than both with a value of 110.3. This was
9.44% and 6.13% less than the MVC and RO applications.

The system with application of an ST enjoyed a smaller hydrogen tank volume, based
on Figure 3c. This is because less electricity was given to the electrolyzer, which meant
a lower level of hydrogen production. Figure 3c demonstrates that the hydrogen tank
capacity was 1444.2 m3. The RO application and MVC application were accompanied
by 319.3 and 522.1 m3 bigger tank capacities. This means they had 22.1% and 36.2%
greater capacities, for which tank volume levels of 1763.5 and 1966.3 m3 were observed,
respectively.

The most significant enhancement of using an ST for the multi-generation system
was the drastic decrease in the PBP, as Figure 3d reports. The reason for this is the lower
capacities for the system components, three of which were observed here: the PV, elec-
troloyzer, and hydrogen storage tank capacity. On the top of all that, the purchase price of
the desalination system dropped considerably. Based on Figure 3e, the purchase price of
the multi-generation unit for which the MVC and RO types of desalination were applied
were USD 430,897 and USD 413,128, respectively. However, utilization of the system with
an ST desalination unit was accompanied by a price of only USD 225,397. This means
lowering the initial purchase price by 47.7% and 45.4%, respectively.
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Figure 3. Comparing the system equipped with an ST (the proposed one) and the systems with RO
and MVC (the conventional ones); (a) Installed PV capacity; (b) Electrolyzer capacity; (c) Hydrogen
tank capacity; (d) Payback period; (e) The initial purchase price.

In addition, a remarkable drop in the PBP, reported in Figure 3d, was achieved when
the ST was employed. The PBPs for application of the multi-generation unit with MVC
and RO systems were 5.647 and 5.339 years, respectively. This experienced a consider-
able drop for the ST, where it reached only approximately 2.5 (exactly 2.538) years. This
implies a decrease of 3.109 and 2.801 years compared with the considered desalination
technologies. Such a great economic status, in addition to the decrease in the size of the
system components and the required investment, makes ST a great alternative to be used
as the desalination unit instead of conventional alternatives such as MVC and RO. This
would be attractive to both policymakers and investors. It should be noted that when the
components have reached the end of their useful life, two conditions might happen. On
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one hand, income would be gained from selling parts that are still useful. On the other
hand, there would be some costs imposed by the disposal of parts which could not be
utilized anymore. However, in this work, they were not considered in the payback period
calculation. The reason for this was the time of reaching such incomes and costs being after
the payback period time. (Usually, the replacement of components starts from the 10th
year, but the values of the payback periods of the considered systems in this investigation
were in the range from ~2.5 to 5.5 years). Based on the definition, the payback period is the
time in which all the expenses up to that moment have been paid by the income gained
up to the same time. Therefore, based on the observed values for the payback period of
the systems, neither the cost nor income related to replacement of the components of the
system has happened yet.

For the system with the ST, as the best found system, the monthly profile of contribu-
tion of the PVs and PEMFCs to electricity provision to the building is provided in Figure 4.
On the winter days, the solar radiation is low, while the period with the sun in the sky is
short for each day. Therefore, the share of the energy consumed by buildings generated
directly by PVs was low. The lowest value was 35.8% in December, which was followed by
37.0% in January. When getting closer to the months closer to the summer with higher solar
radiation and in the region, the PV contribution had an upward trend. The maximum value
was seen in August (64.5) and, after that, June (61.5%). However, for July, the value was
lower than in the neighboring months. The reason for this is that in this month, the load
was much higher than the others, whose excess mainly came from the nights. Therefore,
PEMFCs should operate more, which is accompanied by an increase in its share.

Figure 4. The monthly profile of contributions of PVs and PEMFCs to the electricity provision to
the building.

Additionally, the shares of the PVs and PEMFCs in a year to the electricity provision to
the building are also indicated in Figure 5. (The value is different than the average monthly
values plotted in Figure 4). This figure shows that the PEMFC had a contribution of 56.7%,
while the PV was responsible for 43.3%.

The uninterrupted power supply of the system was guaranteed when the sum of the
electricity production by the PVs and PEMFCs at each time was equal to or greater than
the building requirement (building load) at that moment. (Regarding the availability of
enough hydrogen in the tank, the discussion will occur afterward). Therefore, if the profile
for (PV power + PEMFC power − building load) is plotted, then there should not be any
negative value. The profile is given in Figure 6. As can be seen, there was no negative
value. The hydrogen in the tank for the PEMFC also came from electrolysis of water in
the electrolyzer at the hours the PVs had more power than building’s requirement. The
excess energy production of the PVs over the required load of the building was the source
of energy for the electrolyzer. Therefore, the PV performance was found to be sufficient to
run the system.
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Figure 5. The contribution of the PV and PEMFC to the electricity provision to the building.

Figure 6. The hourly profile for summation of PV and PEMFC power values subtracted by building
load (starting from 1 January).

Moreover, the profile of the hydrogen mass in the tank for a year is provided in
Figure 7. This figure shows that in seasons where the PV power supply was lower, which
was the same as the time of the building’s load peak, the hydrogen mass in the tank had a
downward trend. The decrease came from hydrogen extracted by the PEMFC for meeting
the building’s required load. (In that condition, the extracted amount was more than that
produced by the electrolyzer). It went up when the PV power production increased) i.e.,
close to summer in the region, when the electrolyzer production was more than the amount
extracted by the PEMFC). There was no negative value in this profile, which means there
was always enough hydrogen in the tank for power generation by the PEMFC.

There are two points to note after checking Figure 7:
1. The system was assumed to start working on 1 January. Therefore, an amount

of hydrogen should be purchased at the beginning. The corresponding cost was taken
into account in the PBP calculation equation. (The second term in Equation (33) is the
material cost).

2. On the other hand, the amount of remaining hydrogen in the tank at the end of each
year was more than that at the beginning of the year. Therefore, the excess could be sold.
This income was also taken into account in calculating the payback period. (The last term
in Equation (33) is the sold hydrogen).
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In conclusion, based on all the indicated issues and provided graphs, the system
was found to fulfill its function during the whole of the year, including the indicated
challenging periods.

Figure 7. The hourly profile of the hydrogen mass in the tank (starting from 1 January).

4.2. Impact of the Building Load

The previous part proved that using an ST as the multi-generation system brings
much greater techno-economic benefits for the system. For this case, the peak load on
the PEMFC was 29.2 kW. Taking this point into the consideration, in this part, the system
with the ST is considered, and the impact of changes in the annual building load on the
main performance criteria of the system are investigated. For this purpose, a parameter
was defined: the annual building load factor (ABLF). This is defined as the ratio of the
considered annual building load to the value in the real condition (the one taken into
account for the calculations in the previous part). Variation in the annual building load
factor was possible in this reality through variation in the behavior of the occupants, such
as by changing the thermal comfort temperature for air conditioning devices or raising or
lowering the light intensity.

When increasing the building load, more PV modules had to be installed. Therefore,
the capacity of the installed PVs had an upward trend, as per Figure 8. When the ABLF was
0.8, the capacity of the installed PVs was 107.3 kW, and it then reached 121.8, 133.4, 147.9,
and 160.95 kW. The variation was almost linear, and from the beginning to the end of the
variation range (i.e., from an ABLF of 0.80 to 1.20), the PVs’ installed capacity experienced
a 50.0% increase. The growth rate (slope of the line) was 13.41 kW per each 10% increase in
the ABLF.

The rate of increase in the installed PV capacity was greater than the rate of increase in
the building’s required electrical load. Hence, the electrolyzer capacity went up as well. The
variation trend is depicted in Figure 9. Since a part of the increased electricity generation
by the PVs was given to the building, the shared excess electricity, and consequently the
electrolyzer capacity, had a lower slope for its increase. When increasing from the value of
88.8 to 133.2 kW from an ABLF of 0.80 to 1.20, this performance criterion had an increase
rate of 11.10 kW per each 10% increase in the ABLF. This was lower than the corresponding
value for the installed capacity of the PVs (13.41 kW per each 0.1 change in the ABLF).
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Figure 8. Variation in the installed capacity of the PVs when changing the annual building load factor.

Figure 9. Variation in the electrolzyer capacity when changing the annual building load factor.

The greater the capacity of the electrolyzer, the larger the hydrogen storage tank would
be. According to Figure 10, it had values of 1179.8 and 1276.8 m3 when the ABLF was
0.80 and 0.85, respectively. This continued with storage capacities of 1373.8, 1410.8, and
1444.2 m3, where the ABLF values were 0.85, 0.90, 0.95, and 1.00, respectively. At the end of
the variation range (i.e., an ABLF of 1.20), the hydrogen tank capacity was 1769.8 m3. This
means there was an 590 m3 increase in this performance parameter and, consequently, a
mean slope increase of 147.5 m3 per each 10% of growth in the ABLF.

More money was saved when more electricity was generated by the PV modules.
Nonetheless, the initial purchase price of the components, including the PV modules,
electrolyzer, and hydrogen tank, went up. As shown in Figure 11, for ABLF values of
0.80, 0.90, 1.00, 1.10, and 1.20, application of the multi-generation system with the ST
was accompanied by USD 76,306, 85,773, 95,430, 104,897, and 114,459 of annual income,
respectively. This means a USD 38,153 increase in the income of the system, or an average
growth slope of USD 9538 per each 10% increase in the ABLF. On the other hand, Figure 12
demonstrates that the corresponding values for the initial purchase of the system were
USD 181,163, 205,393, 225,397, 249,627, and 271,744, respectively. This shows an increment
of USD 90,581, which implies that the mean slope increase was USD 22,645 per each 10%
change in the ABLF.
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Figure 10. Variation in the hydrogen tank capacity when changing the annual building load factor.

Figure 11. Variation in the annual income when changing the annual building load factor.

Figure 12. Variation in the initial purchase price when changing the annual building load factor.
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The increase in both the initial purchase price and income of the system means a trade-
off in the parameters that have an impact on the PBP. The outcome was such extremely
small changes in this parameter that it could be considered a constant value. Figure 13
reports the variation trend of the PBP from ABLF values of 0.80 to 1.20, where the PBP
was within the range from 2.552 to 2.585 years. This means that the multi-generation
system could be applied for the whole range of ABLF values with an acceptable PBP.
Considering the greater importance of such multi-generation systems for applications with
greater building loads, it could be concluded that the multi-generation system with the ST
is an economically justifiable choice for a wide range of buildings, especially ones with
high demand.

Figure 13. Variation in the payback period when changing the annual building load factor.

5. Conclusions

The investigation demonstrated the greater benefits of using solar stills (STs) compared
with the conventional desalination systems for fresh water production and sharing with
PEMECs in the studied solar-assisted multi-generation unit. The two compared desalina-
tion technologies were reverse osmosis (RO) and mechanical vapor compression (MVC).
According to the findings, the benefits were not limited to the economic point of view, and
they also covered other aspects, including the technical and energy view points. The results
show that the component sizes decreased considerably. For the considered case study,
which was a residential building in Honolulu, Hawaii, USA, compared with RO, using
an ST was accompanied by a 7.3 kW, 7.2 kW, and 319.3 m3 smaller installed PV capacity,
electrolyzer size, and hydrogen storage volume tank, respectively. In comparison with
MVC usage, the ST was able to reduce the three indicated parameters by 11.6 kW, 11.5 kW,
and 522.1 m3, respectively. It led to such a drastic drop in the initial purchase price of
the components that the payback period (PBP) was improved by 2.801 years for RO and
3.109 years for MVC.

It was also found that the annual building load had a significant impact on the system
performance. However, for the whole investigated range, the multi-generation system with
the ST was able to offer a high level of technical and economic viability. The more load the
building had, the greater the benefits which could be achieved.

The work was carried out while considering a normal salinity for the water. However,
as an idea for future research works, the procedure could be used for water with a high level
of salt, and the results could be compared with this study. Another suggested idea could
be adding energy nexus parameters to the analyses. Obtaining the results for different
locations and comparing them would be another recommended subject.
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Nomenclature and Abbreviations

Abbreviations
ASEL Annual saving in electricity
ABLF Annual building load factor
SAPM Sandia Array Performance Model
PEMEC Proton exchange membrane electrolyzer
PV Photovoltaic
PBP Payback period
PEMFC Proton exchange membrane fuel cell
Symbols
a Coefficient of SAPM model (-)
N Number
IPP Initial purchase price (USD)
t Time
d Discount
CF Cash flow (USD)
PW Present worth (USD)
MM Molar mass (kg·kmol−1)
L Length (m)
R Resistance (Ω)
C Concentration
x Partial pressure
I Current (A)
i Current density (A·m−2) or inflation
R The gas constant (kJ·kg−1·K−1)
∀ Volume (m3)
cV The constant volume heat capacity (kJ·kg−1·K−1)
k The isobaric-to-constant-volume heat capacity ratios
.

m Mass flow rate (kg·s−1)
cp The isobaric heat capacity (kJ·kg−1·K−1)
V Voltage (V)
F Faraday constant (96,485.3321 sA·mol−1)
m Mass (kg)
A Area (m2)
P Power (W) or pressure (kPa)
.

W Work (W)
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WS Wind speed (m·s−1)
b Coefficient of SAPM model (m−1·s)
G Solar radiation (W·m−2)
T Temperature (K)
Greek symbols
β The thermal coefficient of PV (%·K−1)
η Efficiency
ρM Membrane-specific resistance
ζ The coefficient of activation loss of PEMFC equation (V·K−1 or V)
λair Air stoichiometry
Subscripts
electricity saving Electricity saving
O&M cost Operating and maintenance cost
capital cost Capital cost
eff Effective
0 The time of 0
internal Internal
O2 Oxygen
H2O Water
sold hydrogen Sold hydrogen
concentration Concentration
activation Activation
ohmic Ohmic
nernst Nernest (Ideal fuel cell procution)
des Desalination system
FC Fuel cell
max Maximum
tank Tank
in Inlet
hum Humidity
C Compressor
V Voltage
H2 Hydrogen
required load The required load
other gases Other gases
elz Electrolyzer
ref The reference condition
a Ambient
PV Photovoltaic
corr Corrected
Superscripts
channel Channel
sat Saturation
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