
 

1. Introduction 

The likelihood of exhausting conventional energy sources be-

comes increasingly certain in light of the recent correlation be-

tween wealth and energy usage, as well as the sharp rise in en-

ergy consumption. In addition, sudden changes in the environ-

ment brought on by the release of heat and waste materials have 

had a severe and unsettling impact on human life as well as en-

dangered animal species. In this regard, global warming repre-

sents a challenge that humanity has yet to conquer. It is therefore 

more important than ever to discover an environmentally ac-

ceptable substitute for conventional fuels that performs as well. 

Renewable energy sources, such as waste heat and waste mate-

rial sources, may be preferable options in this regard.  
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Abstract 

This study presents a novel, cost-effective multigeneration system configuration that utilises locally available solar irradiance 
and biomass resources to produce hydrogen, electricity, heating, hot water, and cooling. The system integrates a range of 
energy conversion technologies, including non-conventional parabolic trough collectors, conventional biomass gasification, 
the Kalina cycle, organic Rankine cycle, vapour absorption system, an electrolyser, and a fuel cell. A thermoeconomic anal-
ysis was conducted to evaluate system performance, with exergy-based costing applied to determine the operating costs while 
optimising overall net output. The study also assessed the exergetic sustainability of the system by analysing thermodynamic 
inefficiencies. It was found that an optimal ambient temperature of approximately 297.4 K maximises the system's exergetic 
sustainability index, reaching a value of 1.00. The levelized cost of electricity from the Kalina and organic Rankine cycle 
subsystems was calculated as 0.04308 USD/kWh and 0.0245 USD/kWh, respectively, corresponding to an exergoeconomic 
factor of 44.51%. When converted to Nigerian currency, these values equate to 69.12 NGN/kWh and 39.31 NGN/kWh − 
significantly lower than the prevailing electricity tariff in Nigeria, which stands at approximately 209.50 NGN/kWh (0.1306 
USD/kWh). Under specified operating conditions, the optimal work outputs of the organic Rankine cycle and Kalina cycle 
turbines were 47.97 kJ/kg and 435.3 kJ/kg, respectively. The overall energy and exergy efficiencies of the integrated plant 
were recorded at 52.2% and 16.14%. This multigeneration system demonstrates strong potential as an alternative to fossil-
fuel-based power generation, particularly in applications and sectors with low energy demand. 
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Nomenclature 

𝑐 – specific cost of product 

𝑐𝑝 – specific heat, J/(kg·K) 

𝐶̇ – cost rate 

𝐸𝐷,𝑅𝑎𝑡𝑖𝑜– exergy destruction ratio 

𝐸̇𝐷𝑘
 – exergy destruction rate, kJ/s 

𝐸̇𝑄𝑘
 – exergy associated with heat, kJ 

𝐸̇𝑊𝑘
– exergy associated with work, kJ 

𝑓 – exergoeconomic factor 

ℎ – specific enthalpy, kJ/kg 

H – higher operating limit 

L – lower operating limit 

𝑚
.

𝑖 – mass flow rate, kg/s 

n – estimated plant life in years 

N – annual operational hours 

P – pressure 

𝑄̇𝑘 – heat rate to the kth component, kJ/s 

𝑠 – specific entropy, kJ/(kg‧K) 

T – temperature 

𝑊̇𝑘 – rate of work output from the kth component, kJ/s 

𝑍̇𝑘 – levelised cost rate 

 

Greek symbols 

ψplant– exergy efficiency 

Γ𝑒𝑒𝑓– environmental effect factor 

𝜃𝑒𝑠𝑖– exergetic sustainability index 

 

Subscripts and Superscripts 

𝐹 – fuel 

i – inlet  

j – outlet stream 

k – element, component 

o – outlet 

𝑃 – product 

q – heat transfer 

turb– turbine 

w – work 

 

Abbreviations and Acronyms 

Al2O3 – aluminium dioxide 

CMP – compressor 

CON  – condenser 

COP – coefficient of performance 

CRF – capital recovery factor 

EES  – engineering equation solver 

ESI – exergetic sustainability index 

EVP – evaporator  

HEX – heat exchanger 

KC – Kalina cycle 

LiBr – lithium bromide water  

MWCNT – multi-walled carbon nanotube  

NH3 – ammonia 

ORC – organic Rankine cycle  

PEC – purchase and equipment cost  

PECF – purchase of equipment cost fund 

PEM – proton exchange membrane 

PTC – parabolic trough collector 

PUM – pump 

S – separator  

VAS – vapour absorption system 

VG – vapour generator  

However, the idea of integrating systems with multiple pro-

duction offers a big possibility [1]. In this regard, multiple at-

tempts have been made to integrate diverse energy technologies 

in order to reduce carbon emissions while also providing a more 

efficient and reliable energy supply [2]. Integration, which in-

volves connecting two or more energy technologies inside a sin-

gle structure, provides advantages over their stand-alone equiv-

alents due to the mutual utilisation of substructures and feed-

stock [3]. However, unique engineering methodologies, such as 

thermodynamic studies, should be used to analyse the efficacy 

of such novel integrated systems from an environmental and 

budgetary standpoint [4]. 

A multigeneration system generates electricity, heating, 

cooling, hot water, freshwater, hydrogen, and other energy from 

a single or multiple sources. The multi-generation system pro-

duces electricity using one or more prime movers, such as a gas 

turbine, Rankine cycle, or organic Rankine cycle (ORC). Be-

cause of its suitability for recovering energy from low-grade 

heat sources, the ORC is a process that might be incorporated 

into a multigeneration system [5]. Multi-generation systems can 

achieve better efficiency than single-generation systems [1]. 

Furthermore, it has been demonstrated that in these integrated 

systems, fuel consumption may be lowered by using waste heat 

and renewable energy. As a result, these sources have the poten-

tial to reduce emissions while also diversifying commodities [6]. 

The complexity of energy flows in integrated systems, such as 

multigeneration systems with various outputs, makes cost allo-

cation to each product a big difficulty [7]. Researchers have used 

a variety of cost allocation approaches, but the thermoeconomic 

or exergoeconomic method is suggested due to its ability to 

properly calculate the costs of various items [1]. Exergoeco-

nomic analysis is a useful method for improving the perfor-

mance of multigeneration systems [8] by integrating exergy and 

economic analysis [9]. Several research works utilised the exer-

goeconomic technique to improve their systems. A thermoeco-

nomic multi-objective optimisation was performed by Ahmadi 

et al. [10] on a novel integrated multigeneration system consist-

ing of a biomass combustor, proton exchange membrane (PEM) 

electrolyser, organic Rankine cycle, double effect absorption 

chiller, domestic water heater, reverse osmosis desalination, and 

a heat exchanger. They observed that increasing design param-

eters within their maximum values enhances both the multi-ob-

jective function of the total cost rate and the system's exergy ef-

ficiency. Calise et al. [11] simulated a novel solar-geothermal-

based multigeneration system producing electricity, heating, 

cooling and fresh water. The system is built on a combination of 

thermal recovery system (TRS), ORC, parabolic trough collec-

tors (PTC) and multi-effect distillation. Their exergetic and ex-

ergoeconomic analysis results were presented on a daily, weekly 

and annual basis. The system cost led to s high price of electric-

ity in the energy market. Baghernejad et al. [12] conducted an 

exergoeconomic optimisation and environmental analysis of  
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a new solar trigeneration system based on an integrated solar 

combined cycle system (ISCCS) (power generating unit),  

a cooling unit, a heating unit and an electrical generator. Opti-

misation results obtained show a 26.34% increase in exergy ef-

ficiency and 11.5% decrease in unit cost of products, a 24.17% 

decrease in fuel exergy, a 21.63% reduction of total exergy de-

struction and a 24.17% reduction in CO2 emission cost. Mo-

haramian et al. [13] performed an exergoeconomic and thermo-

dynamic analysis of the influences of injecting hydrogen into the 

combustion chamber of a biomass-based externally fired com-

bined cycle hydrogen injection (EFCCHI) and compared it with 

hydrogen production with no injection (EFCCH). They found 

that hydrogen injection into the combustion chamber reduces 

fuel consumption by 27%, exergy and energy efficiencies by 

45% and CO2 emissions by 32%. Also, exergy loss and destruc-

tion cost rates were reduced by 78% and 10% respectively. Kha-

lid et al. [14] proposed a thermoeconomic analysis of a hybrid 

solar-biomass multigeneration system for a community com-

prising an absorption chiller, a solar cycle, two organic Rankine 

cycles and a Brayton cycle to produce electricity, hot water, 

cooling and heating. Their results show energy, exergy efficien-

cies, electricity system cost and levelized cost of electricity as 

91.0%, 34.9%, $2 700 496 and $0.117/kWh, respectively. 

Khanmohammadi et al. [15] conducted a thermoeconomic mod-

elling and optimisation of a multigeneration system comprising 

a solar flat plate collector, an organic Rankine cycle, a PEM 

electrolyser and a single effect absorption chiller. Their results 

indicate that exergy efficiency and cost of the system can simul-

taneously increase from 1.72% to 3.2% and 19.59 $/h to  

22.28 $/h, respectively. Also, raising the evaporator temperature 

of the ORC unit to the upper limit increases electric power gen-

eration and increases the production rate of hydrogen from 0.23 

to 0.35 kg/day but decreases the cooling capacity from 44.29 kW 

to 22.6 kW. A novel solar power-based polygeneration system 

producing electricity, fresh water, cooling, domestic hot water, 

and hydrogen was analysed by El-Emam and Dincer [16]. The 

results of the thermoeconomic and multi-objective optimisation 

of the system show a maximum exergy efficiency of 39% ob-

tained at a cost rate of 309 $/h and a lowest exergy efficiency of 

21.7% at a rate of 241 $/h. Khanmohammadi et al. [17] proposed 

and studied the thermoeconomic and multi-objective optimisa-

tion of a multigeneration structure with a thermoelectric waste 

heat recovery system (WHRS). The system is composed of a gas 

turbine cycle, an organic Rankine cycle and a domestic water 

heater. They obtained that the efficiencies of the system can be 

raised from 16.76% to 17.93% by attaching a WHRS on the 

ORC condenser. Behzadi et al. [18] proposed an integrated en-

ergy system composed of a biomass-based solid oxide fuel cell 

(SOFC) with a gas turbine, a reverse osmosis desalination unit 

and a double effect absorption chiller. Thermoeconomic and op-

timisation study results show the gasifier as the primary source 

of irreversibility with an exergy destruction rate of 179.8 kW; 

the pump and SOFC stack have the highest exergoeconomic fac-

tor at optimal operating conditions; the exergy efficiency is 

38.16% and the total product unit is 69.47 $/GJ. Anvari et al. 

[19] proposed and conducted a thermodynamic, exergoeco-

nomic and environmental analysis of a gas turbine cycle-based 

multigeneration system with absorption refrigeration cycle, 

ORC and desalination unit subsystems. The results of their as-

sessment show that the overall cost and CO2 emissions  

are 1943.5 $/h and 0.163 kg/kWh, respectively. For every  

83.56 MW energy input into the cycle, electric power of  

30.5 MW, cooling of 1MW, heat of 40.8MW and freshwater of 

0.364 kg/s were generated. Also, raising temperatures of the  

pre-heater outlet air (800 K−1000 K) and gas turbine inlet 

(1320−1570 K) reduces CO2 emissions of the cycle by 26.6% 

and 53%, respectively. Abdelhay et al. [20] conducted a thermo-

dynamic analysis of a solar-based multigeneration system pow-

ered by a natural gas heater. The system layout includes a solar 

power cycle, a multi-effect desalination unit, and an absorption 

refrigeration unit, which generates electricity, fresh water, and 

cooling for around 1000 households. The modelling findings 

suggest that the maximum total system exergy efficiency is 

23.95%, compared to 23.14% or less for any subsystem that is 

stand-alone or dual-purpose. The system also offers the lowest 

unit prices of water and cooling, at 1.247 $/m3 and 0.003 $/kWh, 

respectively. 

Alirahmi et al. [21] conducted a thermo-economic analysis 

and multi-criteria design optimisation of a geothermal and solar-

driven multigeneration system, using the metrological data of 

three cities. The system layout consists of a geothermal cycle, 

solar cycle, Rankine cycle, thermoelectric generator, ORC, ab-

sorption chiller, desalination unit and an electrolyser, which they 

aimed to produce space heating, space cooling, fresh water, hot 

water, electric power and hydrogen. Results of their study show 

exergy efficiency and cost rate as 21.63% and 63.89 $/h, respec-

tively. Also, on a typical sample day, the system produced  

373.8 m3 of fresh water and 26.38 kg of hydrogen in one city. 

A thermodynamic and exergoeconomic analysis of a novel so-

lar-assisted multigenerational system utilising high-temperature 

phase change material and hybrid nanofluid was performed by 

Khan et al. [22]. Their system integrated a parabolic dish collec-

tor with hybrid nanofluids, double effect lithium-bromide/water 

absorption cycle, PEM electrolyser, recompression sCO2 Bray-

ton cycle, and a desalination unit, producing electricity, cooling, 

hydrogen and fresh water. Results show that fresh water and 

cooling productions are 1.564 kg/s and 196.1 kW, respectively, 

and the total energy and exergy efficiencies of the analyzed sys-

tem are 31.59% and 30.02%, respectively, while the exergoeco-

nomic results show the total cost rate of exergy destruction and 

levelised cost of electricity are 530 $/h and 0.1387 $/kWh, re-

spectively. 

The following evaluation objectives were taken into consid-

eration while conducting the above thorough literature review: 

the architecture of the multigeneration system, the system's pri-

mary energy resources and how they are converted, the effective 

utilisation of energy sources for each subsystem, the method of 

producing hydrogen, the decarbonization of power production, 

the system and its primary end products. It is found that a mul-

tigeneration energy system powered by a combination of bio-

mass and solar energy sources with PTC system running on 

a hybrid nanofluid (MWCNT-Al2O3 / therminol VP1), incorpo-

rating and utilising the tri-evaporator system has not been inves-

tigated by integrating a unique ORC system combined with  
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a Kalina cycle (KC), vapour absorption system, proton exchange 

membrane, and a fuel cell, using minimum energy of the config-

ured system to generate electricity, heating, cooling, hot water, 

and hydrogen. Furthermore, the performance of linked subsys-

tems in such a multigeneration system must be investigated un-

der various operational conditions. It is anticipated that these 

systems will open up a number of new possibilities for using 

biomass and solar energy sources. 

Inspired by these gaps in the literature, this study proposes 

an integrated energy system that generates clean energy from 

renewable sources. A key innovation lies in the use of a single 

working fluid to drive three interconnected subsystems. By stra-

tegically bleeding the fluid during turbine expansion, the same 

medium is repurposed for cooling production. This integrated 

design shortens the thermodynamic process path, reduces sys-

tem complexity, and minimises the number of components re-

quired. As a result, it enhances overall performance, boosts en-

ergy utilisation, and achieves a higher cooling-to-power ratio 

− an especially noteworthy aspect of this study. Furthermore, 

the paper develops models for an innovative cycle featuring 

a tri-evaporator system. This includes a conventional evaporator 

in the vapour absorption system (VAS) and unconventional 

evaporators in both the ORC and KC subsystems. The tri-evap-

orator configuration provides numerous benefits, such as in-

creased cooling capacity, improved heat recovery, enhanced 

flexibility, reduced temperature differentials, greater system re-

liability, better heat transfer, and improved overall energy effi-

ciency. By enabling heat recovery from multiple sources, mini- 

mising thermal stress, and offering operational redundancy, this 

configuration represents a significant advancement in integrated 

energy systems. 

The objectives of this research include the development of 

a new renewable energy-based integrated system capable of pro-

ducing various utilities, economic assessment of the system in 

terms of the levelized cost of electricity and net present cost, asd 

the integrated system exergetic sustainability analysis and opti-

misation. To achieve this, the study involves a thorough investi-

gation using: exergoeconomic balance equations for each sys-

tem component analysing how state properties and varying op-

erating conditions impact individual subunit performance as 

well as the system’s overall performance; sustainability analysis 

with regards to total system output and the gross exergy destruc-

tion in the plant; and optimization, with respect to optimum se-

lection of operating parameters for the ORC and Kalina turbines. 

2. System description 

Figure 1 depicts the suggested multigeneration design. Accord-

ing to the system overview, the integrated energy system's pri-

mary energy source is the solar-powered parabolic trough col-

lector (PTC). Other energy sources include the KC unit, the 

ORC unit, the vapour absorption system (VAS), a proton ex-

change membrane (PEM) electrolyser that produces hydrogen 

through a biomass combustor, and a fuel cell that runs on the 

hydrogen produced by the PEM electrolyser. The workings of 

these subsystems are vividly described below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic diagram of the proposed solar-biomass-based multigeneration system. 
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2.1. Parabolic solar trough collector 

The process begins with PTC, where a hybrid nanofluid, con-

sisting of multi-walled carbon nanotubes and aluminium dioxide 

(MWCNT-Al₂O₃) mixed with therminol-VPI, serves as the heat 

transfer fluid. This fluid enters the solar collector as stream 54, 

where its energy is increased. The superheated fluid, now exit-

ing as stream 52, first flows into the vapour generator associated 

with the Kalina cycle (VG for KC), transferring a portion of its 

thermal energy to the Kalina cycle's working fluid. After this, 

the fluid, now as stream 53, enters the vapour generator for the 

organic Rankine cycle (VG for ORC) and transfers additional 

heat energy to the ORC working fluid. Finally, the hybrid 

nanofluid returns to its initial state as stream 54, continuing the 

cycle uninterrupted. 

2.2. Kalina cycle  

The superheated steam-ammonia (NH3-H2O), which serves as 

the working fluid (stream 1) for the Kalina cycle, exits the va-

pour generator (VG for KC) and enters a separator (S1), where 

it splits into stream 2 and stream 3. Stream 2 is a high-pressure, 

high-temperature condensate that passes through a throttling 

valve, resulting in low-pressure stream 4. Stream 3, consisting 

of high-temperature and high-pressure steam-ammonia, ex-

pands through the Kalina turbine, converting some of its thermal 

energy into mechanical shaft work that drives an alternator to 

produce electricity. The expanded vapour (stream 5) then enters 

a second separator (S2), splitting into a lower-pressure conden-

sate (stream 6) and another lower-pressure lower-temperature 

vapour (stream 8). Stream 6 is throttled into low-pressure stream 

7, which then mixes uniformly with stream 4 to form stream 76. 

Stream 8 is condensed into a lower-temperature stream 9 and 

throttled into a lower-pressure stream 10, where it gains heat 

through the cooling process in the evaporator (EVP1). It exits as 

stream 17, mixing uniformly with stream 16 to form stream 18. 

This stream transfers its heat energy in the heat exchanger 

(HEX1), exits as stream 19, and further loses heat in the low-

pressure condenser (CON2), emerging as stream 20. The pres-

sure of stream 20 is increased by the pump (PUM1), resulting in 

stream 21, which gains heat in HEX1 to become stream 22 and 

then gains additional heat in heat exchanger (HEX2), exiting as 

stream 23, which returns to VG for KC, continuing the cycle in 

this manner. 

2.3. Organic Rankine cycle  

The working fluid (R245fa) in the ORC subsystem absorbs heat 

energy from the vapour generator (VG for ORC) and flows as 

stream 41 to the turbine, where it expands and converts part of 

its heat energy into mechanical shaft work, driving an alternator 

to generate electricity. The fluid then exits as stream 42 and en-

ters the high-pressure condenser (CON4), where it loses some 

energy before exiting as stream 43. The pressure of stream 43 is 

further reduced through throttling, resulting in stream 44. It then 

gains heat energy through the cooling process in the evaporator 

(EVP3) and exits as stream 38, which is compressed by the com-

pressor (CMP) into stream 77. Stream 77 flows into the low-

pressure condenser (CON3), releases some heat energy, and ex-

its as a low-temperature low-pressure stream 39. This stream is 

then pumped by pump (PUM3) back to the VG for ORC as 

stream 40, continuing the cycle in this sequence. 

2.4. Vapour absorption system  

The ammonia-water fluid (stream 76) from the Kalina cycle sep-

arators (S1 & S2) transfers heat to the lithium bromide water 

(LiBr-H2O) solution in the desorber and exits as stream 15. 

When the weak LiBr-H2O solution (stream 28) is heated, some 

of the absorbed water is released as vapour (stream 34). This 

process makes the remaining solution more concentrated 

(stream 29). The vapour from the generator/desorber is then con-

densed into a saturated liquid in a condenser (stream 34 to 

stream 71), where the rejected heat is used for space heating or 

hot water production. The condensed liquid is then throttled to a 

lower pressure, determined by setting the evaporator tempera-

ture to the saturation temperature and finding the corresponding 

saturation pressure. After throttling, the refrigerant is in a satu-

rated liquid-vapour state (stream 72). It then passes through the 

evaporator, absorbing heat from the cooled or air-conditioned 

space. After the evaporator, the refrigerant goes to the absorber 

(stream 35). The strong solution from the desorber passes 

through a heat exchanger (HEX3), recovering some heat (stream 

29 to stream 30) that was added in the desorber. This heat is then 

transferred to the incoming weak solution (stream 27 to stream 

28). After the heat exchanger, the strong solution is throttled to 

the absorber’s lower pressure (stream 31). The strong solution 

(stream 31) entering the absorber is cooled by releasing some 

heat into the atmosphere. The lower temperature increases its 

ability to absorb water vapour, so the vapour from the evapora-

tor is absorbed to form a weak LiBr-H2O solution (stream 26). 

This weak solution is then pumped to the desorber’s higher pres-

sure (stream 27) and passes through the heat exchanger (HEX3) 

to gain some heat (stream 28) before returning to the desorber. 

The cycle then repeats. 

2.5. Biomass combustor, proton exchange membrane 

electrolyser and fuel cell 

The heat released as flue gases (stream 57) from burning fuel 

derived from biomass gasification is directed to the hot water 

generating unit, where it transfers its heat to produce domestic 

hot water. The flue gases then exit (stream 60) into a heat ex-

changer (HEX), transferring energy to the incoming water 

(stream 61). The spent flue gases (stream 70) are expelled 

through the stack, while the heated water (stream 62) and hot 

water by-product (stream 64) from the proton exchange mem-

brane (PEM) electrolyser mix uniformly as stream 63. Part of 

the electric power generated from the Kalina cycle (stream 79) 

is used in the electrolysis reaction to decompose the heated wa-

ter (stream 63) in the PEM electrolyser, producing hydrogen 

(stream 65) for the H2 storage tank, and a mixture of oxygen and 

hot water (stream 67). This mixture is separated into oxygen 

(stream 78) for the O2 storage tank and hot water (stream 64), 

which is partially fed back into the PEM electrolyser. The chem-

ical energy of the fuel, hydrogen (stream 68), and oxygen from 

the air is converted into electricity (stream 80) in the fuel cell 

unit through redox reactions. 
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3. Exergoeconomic Modelling and Analysis 

The system’s exergy-based costing is performed to determine 

the cost of the systems’ products with regard to the components’ 

cost, the lifetime of the system, and the number of hours of op-

eration of the system. It also assists in quantifying the payback 

period and the economic losses accruable due to exergy destruc-

tion. This will assist in proper equipment sizing for reduction in 

economic losses during plant life. The components’ purchase 

and equipment cost (PEC) are written as functions of their oper-

ating parameters, and are required to calculate the levelised cost 

rates during plant life operations in consonance with the cost 

equation balance. The PEC for the plant components can be 

found in related literature [23,24]. 

The general cost balance for a control volume is [25]: 

 𝐶̇𝑞,𝑘 + ∑ 𝐶̇𝑖,𝑘𝑖 + 𝑍̇𝑘 =  ∑ 𝐶̇𝑒,𝑘𝑒 + 𝐶̇𝑤,𝑘. (1) 

The terms in Eq. (1) represent the cost of heat transfer to the 

system’s kth component 𝐶̇𝑞,𝑘, the cost associated with the jth sum 

of exergy streams to the system’s kth component ∑ 𝐶̇𝑖,𝑘𝑖 , and the 

levelised cost rate for the kth component, 𝑍̇𝑘. The other terms are 

the cost associated with the jth sum of exergy streams from the 

system’s kth component ∑ 𝐶̇𝑒,𝑘𝑒 , while the work associated with 

the kth component in the system is denoted with the term 𝐶̇𝑤,𝑘.  

The cost of the 𝑗𝑡ℎ stream is related to the cost of specific 

cost and the exergy, work or heat with the relationships:  

 𝐶̇𝑗 =  𝑐𝑗𝐸̇𝑥𝑗, (2) 

 𝐶̇𝑤,𝑘 =  𝑐𝑤𝑊̇, (3) 

 𝐶̇𝑞,𝑘 =  𝑐𝑞𝑄̇. (4) 

The cost rate 𝑍̇𝑘 for the components is expressed as: 

 𝑍̇𝑘 =  
𝑃𝐸𝐶𝐹×𝐶𝑅𝐹×𝜙

𝑁×3600
, (5) 

where PECF, CRF, and ϕ represent the purchase of equipment 

cost function, capital recovery factor, and maintenance factor, 

respectively.  

The system’s annual operational hours are denoted with N. 

Accordingly, the capital recovery factor is obtained with the re-

lationship: 

 𝐶𝑅𝐹 =  
𝑖|1+𝑖|𝑛

|1+𝑖|𝑛−1
, (6) 

where n is the estimated plant life in years.  

Another exergy-related index is the cost of exergy of the 

product and fuel for the component. Detailed description of 

component cost of fuel and product is found in [26], but the prin-

ciple is applied to this multigeneration system, and the balance 

is shown in Table 1. 

The general relationships for evaluating the specific cost of 

product for the kth component cp,k ($/kJ), and that of fuel 

cF,k ($/kJ), as well as the exergoeconomic factor, f are listed in 

Eqs. (7)(9), respectively:  

 𝑐𝑃,𝑘  ($/kJ) =  
𝐶̇𝑃,𝑘

𝐸̇𝑃,𝑘
, (7) 

 𝑐𝐹,𝑘 ($/𝑘𝐽) =  
𝐶̇𝐹,𝑘

𝐸̇𝐹,𝑘
, (8) 

 𝑓 =  
𝑍̇𝑘

𝑍̇𝑘+ 𝐶̇𝐷,𝑘
 . (9) 

The cost of exergy destruction, which quantifies the eco-

nomic loss attributed to inefficiencies, is expressed with the re-

lationship:  

 𝐶̇𝐷,𝑘 = 𝑐𝑃,𝑘𝐸𝐷,𝑘. (10) 

From Eq. (1), the cost balances and auxiliary relations are 

formulated for each of the components of the multigeneration 

system in Table 1. 

3.1. Exergy based sustainability analysis 

Exergy based sustainability analysis is used to analyse the avail-

ability of energy resources at low cost, with little or no effect on 

the environment [27]. The environmental effect is accounted for 

based on the magnitude of exergy destruction in the system, 

while the availability is based on the total net products from the 

system. The exergetic sustainability indicators considered in this 

study are exergy efficiency, exergy waste ratio, environmental 

effect factor and exergetic sustainability index were obtained 

from [28] and [29].  

3.2. Sustainability indicators 

The sustainability indicators are listed as a function of exergy 

efficiency, ψplant, exergy destruction ratio, ED, Ratio, waste exergy 

ratio, Γw, environmental effect factor, Γeef, and exergetic sustain-

ability index, θesi. The exergetic efficiency of the multigenera-

tion plant is expressed as the ratio of exergy of product to fuel 

exergy [30]; the exergy waste ratio as the ratio of exergy waste 

to the chemical exergy of fuel. The ratio of total exergy destruc-

tion in the plant to the exergy of fuel is termed the exergy de-

struction ratio; while the environmental effect factor is the ratio 

of the waste exergy ratio to the exergy efficiency. Lastly, the 

exergetic sustainability index is the reciprocal of the environ-

mental effect factor. The range of this index is between 0 and ∞ 

[28]. Mathematically, the indicators are expressed mathemati-

cally as: 

 𝜓𝑝𝑙𝑎𝑛𝑡 =
𝐸𝑥,𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝐸𝑥𝑓𝑢𝑒𝑙
, (11) 

 Γ𝑤 =
𝐸𝑤𝑎𝑠𝑡𝑒

𝐸𝑥,𝑓𝑢𝑒𝑙
, (12) 

 𝐸𝐷,𝑅𝑎𝑡𝑖𝑜 =
∑ 𝐸𝐷

𝐸𝑥,𝑓𝑢𝑒𝑙
, (13) 

 𝛤𝑒𝑒𝑓 =
𝛤𝑤,𝑒

𝜓𝑃𝑙𝑎𝑛𝑡
, (14) 

 𝜃𝑒𝑠𝑖 = 1
Γ𝑒𝑒𝑓

⁄ . (15) 

3.3. System optimisation 

The optimisation of the system is performed to maximise the 

turbine work of the ORC and Kalina systems. With regard to the  
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schematic of the energy system, the ORC turbine output is max-

imised with the objective function: 

− maximise: 

 𝑊̇𝑂𝑅𝐶𝑇 = 𝑚̇ℎ|𝑇𝑖 , 𝑃𝑖| − ℎ|𝑠𝑖 , 𝑃𝑜| = 𝑓|𝑇𝑖 , 𝑃𝑖 , 𝑃𝑜|. (16) 

This is subject to the variables with constraints as: 

 

 𝑇𝑖,𝐿 < 𝑇𝑖 < 𝑇𝑖,𝐻, (17) 

 𝑃𝑖,𝐿 < 𝑃𝑖 < 𝑃𝑖,𝐻, (18) 

 𝑃𝑖,𝑜 < 𝑃𝑜 < 𝑃𝑜,𝐻. (19) 

Equation (16) expresses the work output as a function of the 

enthalpy at the turbine inlet specified with turbine inlet tempera-

Table 1. Summary of component costs and auxiliary equations.  

Component Component exergoeconomic balance Auxiliary equation 

Parabolic trough collector 𝑐̇54 + 𝑐̇Qsolar
+ 𝑍̇trough =  𝑐̇52 Not applicable 

Kalina VG 𝑐̇52 + 𝑐̇23 + 𝑍̇VGKC
=  𝑐̇1 + 𝑐̇53 𝐸53𝑐̇52 − 𝐸52𝑐̇53 = 0 

ORC VG 𝑐̇53 + 𝑐̇40 + 𝑍̇VGORC
=  𝑐̇54 + 𝑐̇41 𝐸54𝑐̇53 − 𝐸53𝑐̇54 = 0 

ORC turbine 
𝑐̇41 + 𝑍̇ORCTURB

= 𝑐̇42 + 𝑊TURB + 𝑊P3
+ 𝑊ORCCMP

 

 

𝐸42𝑐̇
41 − 𝐸41𝑐̇42 = 0; 

𝑊P3
𝑐̇Wturb

− 𝑊turb𝑐̇WP3
= 0; 

𝑊ORCCMP
𝑐̇Wturb

− 𝑊turbċWORCCMP
= 0. 

ORC CON 4 𝑐̇42 + 𝑐̇50 + 𝑍̇CON4 =  𝑐̇51 + 𝑐̇43 𝐸43𝑐̇42 − 𝐸42𝑐̇43 = 0 

ORC valve (43, 44) 𝑐̇43 + 𝑍̇VALVE =  𝑐̇44 Not applicable 

ORC EVP 3 𝑐̇44 + 𝑍̇EVP3  + 𝑐̇45 =  𝑐̇38 + 𝑐̇46 𝐸46𝑐̇45 − 𝐸45𝑐̇46 = 0 

ORC Compressor 𝑐̇38 + 𝑍̇ORCCMP
 + 𝑐̇ORCCMP

=  𝑐̇77 Not applicable 

ORC CON 3 𝑐̇77 + 𝑐̇48  + 𝑍̇CON3  =  𝑐̇49 + 𝑐̇39 𝐸39𝑐̇77 − 𝐸77𝑐̇39 = 0 

ORC pump 3 𝑐̇39 + 𝑍̇ORCp3
 + 𝑐̇wp3

=  𝑐̇40 Not applicable 

Kalina separator 1 𝑐̇1 + 𝑍̇S1
= 𝑐̇2 +  𝑐̇3 𝐸3𝑐̇2 − 𝐸2𝑐̇3 = 0 

Kalina separator 2 𝑐̇5 + 𝑍̇S2
= 𝑐̇6 + 𝑐̇8 𝐸8𝑐̇6 − 𝐸6𝑐̇8 = 0 

Kalina valve V3 (2,4) 𝑐̇2 + 𝑍̇V3
= 𝑐̇4 Not applicable 

Kalina turbine 𝑐̇3 + 𝑍̇KCTURB
= 𝑐̇5 + 𝑐̇WKCTURB

+ 𝑐̇WP1
+ 𝑐̇WP2

 

𝐸5𝑐̇3 − 𝐸3𝑐̇5 = 0; 

𝑊P1
𝑐̇Wkc,turb

− 𝑊kc,turb𝑐̇WP1
= 0; 

𝑊P2
𝑐̇WP1

− 𝑊P1
𝑐̇WP2 

= 0. 

Kalina valve, V2(6/7) 𝑐̇6 + 𝑍̇V2
= 𝑐̇7 Not applicable 

Kalina CON 1 𝑐̇8 + 𝑐̇11 + 𝑍̇CON1  =  𝑐̇9 + 𝑐̇12 𝐸9𝑐̇8 − 𝐸8𝑐̇9 = 0 

Kalina EVP 1 𝑐̇10 + 𝑐̇13 + 𝑍̇EVP1  =  𝑐̇17 + 𝑐̇14 𝐸14𝑐̇13 − 𝐸13𝑐̇14 = 0 

Kalina CON 2 𝑐̇19 + 𝑐̇24 + 𝑍̇CON2  =  𝑐̇25 + 𝑐̇20 𝐸20𝑐̇19 − 𝐸19𝑐̇20 = 0 

Kalina pump 1 𝑐̇20 + 𝑐̇Wp1
+ 𝑍̇P1

 =  𝑐̇21  Not applicable 

Kalina HEX 1 𝑐̇18 + 𝑐̇21 + 𝑍̇HEX1  =  𝑐̇22 + 𝑐̇19 𝐸19𝑐̇18 − 𝐸18𝑐̇19 = 0 

Kalina HEX 2 𝑐̇22 + 𝑐̇15 + 𝑍̇HEX2  =  𝑐̇16 +  𝑐̇23 𝐸23𝑐̇22 − 𝐸22𝑐̇23 = 0 

VAS desorber               𝑐̇76 + 𝑐̇28 + 𝑍̇Desorber  =  𝑐̇34 + 𝑐̇29 + 𝑐̇15 𝐸15𝑐̇76 − 𝐸76𝑐̇15 = 0;       𝐸34𝑐̇29 − 𝐸29𝑐̇34 = 0. 

VAS CON. 5 𝑐̇34 + 𝑐̇73 + 𝑍̇CON5  =  𝑐̇71 +  𝑐̇74 𝐸71𝑐̇34 − 𝐸34𝑐̇71 = 0 

VAS valve, V5 (71,72) 𝑐̇71 + 𝑍̇V5
= 𝑐̇72 Not applicable 

VAS EVP 2 𝑐̇76 + 𝑐̇36 + 𝑍̇EVP2  =  𝑐̇35 + 𝑐̇37 𝐸37𝑐̇36 − 𝐸36𝑐̇37 = 0 

VAS absorber 𝑐̇35 + 𝑐̇31 + 𝑐̇32 + 𝑍̇Abs  =  𝑐̇26 + 𝑐̇23 (𝐸33 − 𝐸32)𝑐̇26 − 𝐸26(𝑐̇33 −  𝑐̇32) = 0 

VAS pump 2 𝑐̇30 + 𝑐̇Wp2
+ 𝑍̇P2

 =  𝑐̇27  Not applicable 

VAS valve 4 𝑐̇30 + 𝑍̇V4
= 𝑐̇31 Not applicable 

VAS HEX 3 𝑐̇27 + 𝑐̇29 + 𝑍̇HEX3  =  𝑐̇28 + 𝑐̇30 𝐸30𝑐̇29 − 𝐸29𝑐̇30 = 0 

Biomass combustor 𝑐̇55 + 𝑐̇56 + 𝑍̇BMC  =  𝑐̇57  Not applicable 

Water heater (HW) 𝑐̇57 + 𝑐̇58 + 𝑍̇HW  =  𝑐̇60 + 𝑐̇59 𝐸60𝑐̇57 − 𝐸57𝑐̇60 = 0 

HEX 𝑐̇60 +  𝑐̇61 + 𝑍̇HEX  =  𝑐̇70 + 𝑐̇62 𝐸62𝑐̇60 − 𝐸60𝑐̇62 = 0 

PEM electrolyser 𝑐̇76 +  𝑐̇63 + 𝑍̇PEM  =  𝑐̇65 + 𝑐̇67 𝐸67𝑐̇65 − 𝐸65𝑐̇67 = 0 
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ature and pressure, and the exit enthalpy is defined with the en-

tropy at the turbine inlet and the back pressure after expansion. 

The subscripts “i” and “o” respectively represent the inlet and 

outlet from the turbine, while “L” and “H” are for lower and 

higher operating limits. 

Similarly, the turbine output from the Kalina system is max-

imised with the expression: 

− maximise: 

 𝑊̇𝐾𝑎𝑙.𝑇 = 𝑚̇ℎ|𝑇𝑖 , 𝑃𝑖 , 𝑞𝑖| − ℎ|𝑠𝑖 , 𝑃𝑜| = 𝑓|𝑇𝑖 , 𝑃𝑖 , 𝑃𝑜|, (20) 

where the quality of ammonium vapour at turbine inlet is deno-

ted with 𝑞𝑖, and the objective function is subject to the variables 

with limits as: 

 𝑇𝑖,𝐿 < 𝑇𝑖 < 𝑇𝑖,𝐻, (21) 

 𝑃𝑖,𝐿 < 𝑃𝑖 < 𝑃𝑖,𝐻, (22) 

 𝑃𝑖,𝑜 < 𝑃𝑜 < 𝑃𝑜,𝐻. (23) 

4. Results validation 

To validate the thermodynamic simulation results for the pro-

posed Multigeneration system, a suitable code was written in 

Engineering Equation Solver (EES) software [31] to compare 

the obtained findings to those in the literature. In this study, four 

case studies from the literature are chosen, and each is simulated 

in a constant situation. These case studies include the KC, ORC, 

VAS subsystem, and PEM electrolyser system. Validation for 

each case study is performed below. 

4.1. Validation of Kalina cycle subsystem 

In the first case study, a KC is selected from Parikhani et al.[32], 

and simulated under constant input parameters. In this simula-

tion, some of the KC design input parameters of [32] were plug-

ged into KC of the present work model. It can be expressed that 

the results of the current investigation properly corroborate the 

results of [32], with some improvements in performance indices. 

According to Table 2, a performance parameter (i.e. net output 

power) is selected, and the calculated value is compared with the 

literature. There is a good agreement between the obtained re-

sults in the present model and those reported in the literature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2. Validation of organic Rankine cycle subsystem 

For the second case study, the results of the model for the or-

ganic Rankine cycle system are presented in Table 3. Assuming 

these input design parameters through the analysis of ORC, it 

can be stated that the results of the current investigation properly 

verify the results of Ozturk and Dincer [33], with some enhance-

ments in the performance indices. From Table 3, a performance 

parameter (i.e. turbine power output) is selected, and the calcu-

lated value is compared with the literature. This comparison, of 

the different parameter, validates well with the literature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3. Validation of vapour absorption subsystem 

Presented in Table 4 is the third case study, which is the vapour 

absorption system (VAS). In the simulation, some of the VAS 

design input parameters of Karaca and Dincer [34] were substi-

tuted into VAS of the present work model. From Table 4, two 

performance parameters (i.e. evaporator cooling rate and ener-

getic COP) are selected, and the calculated values are compared 

with the literature. This comparison, of the different parameters, 

agrees well with the literature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4. Validation of proton exchange membrane  

electrolyser subsystem 

The fourth validation step is using a PEM electrolyser. In the 

mathematical modelling of the PEM electrolyser, the operating 

temperature is set at 90℃, the power supplied is 7.5 kW, and the 

oxygen and hydrogen pressures are fixed at 1 bar. Based on Ta-

ble 5, a performance indicator (i.e., hydrogen production rate) is 

selected, and the calculated value is compared with the litera-

Table 2. Model validation of the present work with Parikhani et al. [32] 

for the Kalina cycle subsystem. 

Parameter Reference [32] Present work 

System working fluid Ammonia-water Ammonia-water 

Mass flow rate (kg/s) 2.917 2.917 

Ammonia concentration at  

turbine outlet (%) 
99.97 83.06 

Turbine inlet temperature (oC) 160.2 160.2 

Turbine inlet pressure (bar) 30 30 

Turbine outlet pressure (bar) 2.986 2.986 

Net power output (kW) 925.26 941.3 

 

Table 3. Model validation of the present work with Ozturk & Dincer 

[33] for the ORC generation subsystem. 

Parameter Reference [33] Present work 

System working fluid Isobutane Isobtane 

Mass flow rate (kg/s) 34.24 34.24 

Turbine inlet temperature (oC) 146.8 146.8 

Turbine inlet pressure (bar) 32.5 32.5 

Turbine outlet pressure (bar) 4.10 4.10 

Turbine power output (kW) 2436 2437 

 

Table 4. Model validation of the present work with Karaca & Dincer 

[34] for the VAS subsystem.  

Parameter Reference [34] Present work 

System working fluid Ammonia-water Ammonia-water 

Mass flow rate (kg/s) 0.0089 0.0089 

Pressure across the evaporator 

(bar) 
4.62 4.62 

VAS cooling rate (kW) 5.08 4.946 

Energetic COP 0.96 0.9783 
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ture. It can be expressed that the results of the current investiga-

tion substantiate the results of Khanmohammadi et al. [35] as 

seen in Table 5, with some improvements in performance indi-

ces. A minor discrepancy is attributed to the different design op-

erating conditions, like the unavailable or varying mass flow rate 

of water. Since the mass flow rate of water affects hydrogen pro-

duction if it is insufficient, but once sufficient, the hydrogen 

flow rate increases with an increase in power supplied, as long 

as efficiency losses at high power are managed. 

 

 

 

 

 

 

 

 

 

 

 

 

4.5. Validation of exergoeconomic performance 

The final but not least significant step in validation is to use the 

comprehensive exergoeconomic and environmental results of 

a comparative system (Table 6).  

 

 

 

 

 

 

 

 

 

 

 

In the simulation, some of the system design input parameters 

of Hashemian & Noorpoor [36] were substituted into the present 

work model. From Table 6, six performance parameters (i.e. to-

tal product cost rate, electricity cost rate, cooling power cost rate 

and hydrogen cost rate) are selected, and the calculated values 

are compared with the literature. This comparison, of the differ-

ent parameters, agrees well with the literature. 

5. Results and discussion 

5.1. Exergoeconomic results 

The results of the exergoeconomic considerations of the plant as 

the main outcome of this study are presented in this section. It 

was conducted to determine the exergoeconomic factor of the 

plant, the cost related to exergy destruction, the total cost rate 

per second for the plant components, as well as the unit cost of 

products per energy. The unit cost of products was estimated 

separately for the electricity generation systems (ORC and Ka-

lina cycle) only. This was based on the solution of the cost bal-

ance and auxiliary equations that yielded monetary quantifica-

tion of the exergy streams at the state points. The cost parame-

ters are summarised in Table 7. From the costs associated with 

the exergy stream and that of turbine work generated, the sys-

tem’s electricity cost from the Kalina cycle and ORC were com-

puted as 0.04308 and 0.0245 USD/kWh, respectively. The cal-

culated unit cost of electricity values translates to 69.12 N/kWh 

and 39.31 N/kWh based on the current exchange rate. These val-

ues are much desired when compared to the current electricity 

tariff of about 209.50 N/kWh (0.1306 USD/kWh) in Nigeria. 

The system’s total cost of exergy destruction of 5.18 $/hr and 

equipment cost rate of 4.2 $/hr results in about 44.51% of the 

total exergoeconomic factor. Therefore, up to 55% of economic 

loss in the plant is related to the component’s thermodynamic 

inefficiencies. The degree of each component contribution to 

economic loss is highlighted by the corresponding exergoeco-

nomic factors in Table 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5. Model validation of the present work with Khanmohammadi  

et al. [35] for PEM electrolyser. 

Parameter Reference [35] Present work 

Electrolyzer hot water mass flow 

rate (kg/s) 
- 1.99 

Electrolyzer temperature (oC) 90 90 

Electrolyzer pressure (bar) 1 1 

Hydrogen production rate (kg/h) 0.245 0.255 

 

Table 6. Exergoeconomic model validation of present work with Hashe-

mian & Noorpoor [36] for the multigeneration system. 

Parameter Value Present work 

Total product cost rate ($/s) 0.83 0.798 

Electricity cost rate ($/s)  0.0001 0.00016 

Hydrogen cost rate ($/s)  0.0002 0.00021 

Energy efficiency (%)  82.4 82.43 

 

Table 7. Exergoeconomic results of the novel system.  

Component  
Equipment cost 

(USD) 

Levelised  

equipment cost 

rate (USD/h) 

Specific exergy cost 

of product 

(USD/GJ) 

Cost of destruction 

(USD/h) 

Exergoeconomic 

factor (%) 

Biomass combustor 58124.00 1.368 0.000436 0.0009464 99.93 

Kalina condenser 1 2444.00 0.05755 0.006077 0.0309744 65.01 

Kalina condenser 2 1953.00 0.04598 0.003294 0.0207000 68.96 

Kalina evaporator 1 1694.00 0.03988 0.001944 0.1502640 20.97 

Kalina HEX 1 1533.00 0.0361 0.01521 0.0638640 36.11 

Kalina HEX 2 955.60 0.0225 0.009738 0.1139400 16.49 

Kalina pump 1 25.19 0.000593 0.01203 0.0000581 91.08 

Kalina separator 1 805.80 0.01897 0.001355 0.0228060 45.41 

Kalina separator 2 805.80 0.01897 0.001562 0.0002475 98.71 

Kalina turbine 30940.00 0.7285 0.01197 0.0000000 100.00 

Kalina valve 1 161.60 0.003805 0.001944 0.0131328 22.46 

Kalina valve 2 161.60 0.003805 0.01112 0.0005753 86.87 

Kalina valve 3 330.20 0.007775 0.003261 0.0336276 18.78 

Kalina vapour generator 5635.00 0.1327 0.000567 0.0434160 75.35 

ORC compressor 1374.00 0.03235 0.007699 0.0521640 38.28 

ORC condenser 3 1137.00 0.02678 0.000603 1.0483200 2.49 
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5.2. Sensitivity analysis 

The effect of some key thermodynamic parameters on the key 

performance criteria of the system is investigated in this section. 

Figure 2 reveals a significant relationship between the turbine 

inlet temperature, pressure, and total cost rate. Specifically,  

a 20°C increase in turbine inlet temperature from 140°C to 

160°C yields a 3.8% rise in total cost rate, while a 66.7% in-

crease in turbine inlet pressure from 15 bar to 25 bar results in a 

3.5% cost rate escalation. These findings underscore the intri-

cate balance between thermodynamic efficiency, heat transfer 

rates, and component costs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The system's configuration, comprising the Kalina cycle, or-

ganic Rankine cycle, and vapour absorption system, exhibits 

sensitivity to turbine inlet conditions, emphasising the im-

portance of optimising operating parameters to mitigate in-

creased costs.  

Figure 3 shows the relationship between the ORC turbine in-

let temperature and pressure and the multigeneration energy sys-

tem's cost rate. As the inlet temperature increases from 125°C to 

160°C, the total cost rate remains relatively stable, fluctuating 

between $52.45 and $53.65. Conversely, the inlet pressure ex-

hibits a more pronounced impact, with the cost rate escalating 

from $53.35 at 22 bar to $52.25 at 27 bar. This disparity suggests 

that optimising turbine inlet pressure may yield greater cost sav-

ings. Notably, the system demonstrates thermal efficiency resil-

ience within the 125°C−155°C temperature range, but experi-

ences a slight cost increase beyond 155°C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Variation of the ORC turbine inlet temperature and pressure  

with the total cost rate. 

 

Fig. 2. Variation of the Kalina turbine inlet temperature and pressure 

with the total cost rate. 

Table 7 continued. Exergoeconomic results of the novel system. 

Component  
Equipment cost 

(USD) 

Levelised  

equipment cost 

rate (USD/h) 

Specific exergy cost 

of product 

(USD/GJ) 

Cost of destruction 

(USD/h) 

Exergoeconomic 

factor (%) 

ORC condenser 4 1311.00 0.03087 0.01424 0.2283840 11.91 

ORC evaporator 3 1311.00 0.03087 0.002451 0.1681920 15.51 

ORC pump 29.79 0.000701 0.006892 0.0001922 78.49 

ORC turbine 41103.00 0.9677 0.006822 0.0924120 91.28 

ORC vapour generator 1423.00 0.03351 0.000567 0.0434160 43.56 

ORC valve 140.80 0.003315 0.02226 0.2611080 1.25 

PEM electrolyser 2843.00 0.06694 0.00261 0.0305388 68.67 

PEM HEX 1137.00 0.02678 0.002187 0.3209040 7.70 

Trough collector 10026.00 0.2361 0.000113 0.0000000 100.00 

VAS absorber 1368.00 0.0322 0.0124 0.5958000 5.13 

VAS condenser 5 1137.00 0.02678 0.02249 0.0085500 75.80 

VAS desorber 1694.00 0.03988 0.003571 0.2546280 13.54 

VAS evaporator 2 1254.00 0.02952 0.002666 0.0021600 93.18 

VAS HEX3 1137.00 0.02678 0.006502 0.3054960 8.06 

VAS pump 3.63 8.53E-05 0.01119 0.0101664 0.83 

VAS valve 4 166.80 0.003926 0.01498 0.0808200 4.63 

VAS valve 5 166.80 0.003926 0.002666 0.7822800 0.50 

Water heater 2202.00 0.05185 0.002815 0.4010400 11.45 

Total  176533.61 4.155991 0.226233 5.1811234 44.51 
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Figure 4 reveals a positive linear relationship between the 

parabolic trough collector (PTC) area and total cost rate, with  

a minimal increase of approximately 0.4% per 5 m² increase in 

the PTC area. As the PTC area expands from 20 m² to 45 m², the 

total cost rate rises from $52.61/h to $52.83/h, demonstrating 

efficient scaling and economies of scale. This trend is attributed 

to reduced costs per unit area, efficient heat collection, linear 

scaling, and fixed costs associated with system components. The 

system's configuration benefits from increased heat input and 

maintains relatively consistent thermal efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 reveals a trade-off between the total cost rate and 

total plant exergy efficiency as the parabolic trough collector 

(PTC) mass flow rate increases from 2 kg/s to 3.5 kg/s. The total 

cost rate rises linearly by 4.7% from $50.67/h to $53.15/h, while 

the total plant exergy efficiency decreases non-linearly by 

14.6% from 80.52% to 65.6%. The efficiency drop accelerates 

beyond 2.75 kg/s, highlighting the importance of balancing cost 

and efficiency. This trend is attributed to increased heat transfer 

and thermal losses, pumping power requirements, and system 

design limitations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 shows the trade-off between the total cost rate and 

total efficiency as the parabolic trough collector (PTC) mass 

flow rate increases from 20 m2 to 45 m2. The total cost rate rises 

linearly by 4.8% from $50.67/h to $53.15/h, while the total effi-

ciency decreases non-linearly by 18.5% from 80.52% to 65.6%. 

This decline is attributed to increased thermal losses, reduced 

heat recovery, and decreased organic Rankine cycle and vapour 

absorption system efficiencies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The efficiency drop accelerates beyond 30 kg/s, highlighting 

a critical mass flow rate threshold. Optimising the PTC mass 

flow rate, component selection, and system design can mitigate 

this efficiency decrease, achieving a more favourable cost-effi-

ciency balance in the multigeneration energy system. 

5.3. Optimisation results 

The optimisation was performed with regards to the optimum 

selection of operating parameters for the ORC and Kalina tur-

bines. The work output from these turbines was optimised sub-

ject to the ideal temperature and pressure mix within the ther-

modynamic operation domain. The ORC work output optimisa-

tion results are shown in Fig. 7 after 2152 iterations performed 

with 64 genetic algorithm generations. The optimum work pro-

duced from the ORC turbine was obtained as 47.97 kJ/kg at  

a turbine inlet temperature and pressure of 140oC and 25.7 bar, 

respectively. The turbine back pressure (TBP) was optimised to 

2.003 bar. The optimum parameters for the ORC are summa-

rised in Table 8. The surface plot of the optimum turbine work 

with regards to TIP and TBP in the optimisation search space is 

also shown in Fig. 8. 

 

 

 

 

 

 

 

 

 

 

Fig. 4. The effect of trough collector area on the total cost rate. 

 

Fig. 5. Variation of the collector mass flow rate  

with total exergy efficiency and total cost rate. 

Table 8. ORC optimum operating parameters.  

Parameter Limits Optimum value Unit 

Turbine work  47.97 kJ/kg 

TIT 110 140 140 oC 

TIP 15  30 25.7 bar 

TBP 2  6 2.003 bar 

 

 

Fig. 6. Variation of the collector area with total exergy efficiency  

and total cost rate. 
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Similar optimisation results for the Kalina system are shown 

in Fig. 9. Several optimization runs yielded the maximum tur-

bine work outputs of approximately 435 kJ/kg. However, the 

operating turbine inlet temperature and pressure tended towards 

the upper constraints, while the pressure after expansion tended 

towards the lower bound. The optimum parameters are shown 

in Table 4, while all iterations involving the objective function 

and decision variables are well documented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4. Exergetic sustainability analysis of the system 

The results of the sustainability index of the system were found 

with regards to the total system output and gross exergy destruc-

tion in the plant. At design condition, the system has an exergy 

efficiency of 52.2%, total exergy destruction of 963.3 kW, and 

total product of 964.9 kW. Accordingly, the system’s exergy 

sustainability index was 1.002. This shows that the system’s out-

put is slightly higher than the total exergy destruction in the sys-

tem, although there were massive gross exergy destructions, es-

pecially in the parabolic trough collector, due to the high tem-

perature gradient between the PTC surface and the surround-

ings. An improvement on the exergetic sustainability index can 

be achieved with a reduction in the net exergy destruction 

through variation in operating parameters. One such parameter 

is the ambient temperature. The results in Fig. 10 show that high 

ambient temperatures will result in ESI. Interestingly, an opti-

mum ambient temperature exists at about 297.4 K where the sys-

tem’s ESI can reach 1.00. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Conclusions 

The present study performed an exergoeconomic investigation 

and optimisation of a solar-biomass tri-evaporator multi-gener-

ation plant equipped with a fuel cell and a proton exchange 

membrane. The system includes a parabolic trough collector 

powered by the sun, which is the primary energy source for the 

integrated energy system; a Kalina system that provides power 

and cooling; an organic Rankine cycle (ORC) for power and 

cooling; a vapour absorption system for refrigeration; and a pro-

ton exchange membrane (PEM) electrolyzer for hydrogen pro-

duction supported by a biomass combustor. A sensitivity analy-

 

Fig. 7. ORC optimum work output. 

 

Fig. 8. Surface plot of the optimum turbine work  

with regards to TIP and TBP. 

 

Fig. 9. KC optimum work output. 

Table 6. Kalina system optimum operating parameters. 

Parameter Limits Optimum value Unit 

Turbine work  435.3 kJ/kg 

TIT 120  160 159.1 oC 

TIP 15 30 30 bar 

TBP 2  8 2.006 bar 

 

 

Fig. 10. Effect of ambient temperature on the system’s ESI. 
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sis is carried out to examine the effect of various design factors. 

The main conclusions are that: 

 The system’s electricity cost from the Kalina and ORC were 

computed as 0.04308 USD/kWh and 0.0245 USD/kWh, re-

spectively, with a total system cost of 176533 USD. The 

system’s total cost of exergy destruction of 5.18 $/h and 

equipment cost rate of 4.2 $/h results in about 44.51% of the 

total exergoeconomic factor. 

 The calculated unit cost of electricity values translates to 

69.12 N/kWh and 39.31 N/kWh based on the current ex-

change rate. These values are much desired when compared 

to the current electricity tariff of about 209.50 N/kWh 

(0.1306 USD/kWh) in Nigeria. 

 The optimum power generation from the ORC turbine was 

obtained as 47.97 kW at a turbine inlet temperature and 

pressure of 140oC and 25.7 bar, respectively. The turbine 

back pressure (TBP) was optimised to 2.003 bar. 

 The optimum power generation from the Kalina turbine was 

obtained as 435 kW at a turbine inlet temperature and pres-

sure of 159.1oC and 30 bar, respectively, and TBP of  

2.006 bar. 

 An optimum ambient temperature exists at about 297.4 K 

where the system’s ESI can reach 1.00. 
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