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Abstract 

For sustainable renewable energy, valorizing agri-food residues as biomass fuels through 

gasification and integrating heat recovery technology with gasifiers is important. 

Evaluating the environmental and economic aspects of energy systems requires both life 

cycle assessments (LCAs) and techno-economic analyses (TEAs). This study investigates 

the potential of three agri-food residues—almond hulls, exhausted olive pomace (EOP), 

and date palm fronds (DP) — as gasification biomass fuels. It then evaluates two heat 

recovery technologies: 1) a cleaning and cooling unit with an internal combustion engine 

(ICE) and a hot water production unit, and 2) an externally fired gas turbine combined 

with the organic Rankine cycle (EFGT_ORC) and a hot water production unit. It is shown 

that the EFGT_ORC cogeneration consistently requires lower biomass input than the ICE, 

with DP fronds leading in the ICE at 36 g/s, followed by almond hulls at 32 g/s, and EOP 

at 28 g/s. ICE cogeneration leads to some significant environmental impacts contributes 

to climate change, with emissions around 2.95×10-2 kg CO2 eq. for all fuels. In terms of 

human health, DP fronds have a greater impact in EFGT_ORC cogeneration than in ICE. 

Almond hulls exhibit better economic performance, with higher values of NPV, PI, and 

IRR compared to EOP and DP fronds, even though biomass and electricity price 

variations significantly affect system sustainability, particularly for EOP.  
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1 Introduction 

The potential of agri-food value chain residues as biomass fuel for bioenergy production 

hinges on their abundant, renewable nature and their capacity to contribute to a circular 

economy [1, 2]. These residues—which include crop remnants, husks, shells, and agro-

industrial by-products—possess considerable untapped energy potential. Effectively 

converting these residues into bioenergy can significantly reduce reliance on fossil fuels 

and decrease greenhouse gas emissions. Moreover, this approach addresses waste 

disposal challenges and provides a renewable source of energy [3]. This strategy is 

particularly important as global energy demands increase and the shift toward sustainable, 

low-carbon energy sources becomes increasingly necessary. 

Gasification technology plays a pivotal role in transforming agricultural residues into 

bioenergy [4]. It is a thermochemical process that converts organic or fossil-based 

carbonaceous materials into carbon monoxide, hydrogen, and carbon dioxide at high 

temperatures in the presence of a controlled amount of oxygen and/or steam [5]. Unlike 

combustion, gasification breaks down the molecular structure of biomass residues into 

simpler molecules in the form of syngas (synthetic gas), which can then be used directly 

for heating or in internal combustion engines, or can be further processed into liquid 

biofuels, chemicals, or electricity. This technology is crucial for bioenergy production 

from agricultural residues because it can handle a variety of biomass types, including 

those with high moisture or ash content that are otherwise challenging to utilize [4]. 

Furthermore, gasification can achieve higher efficiencies and produce cleaner energy 
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compared to direct combustion processes, making it a vital tool in the sustainable 

management and valorization of agricultural residues for energy production [6]. 

Utilizing syngas produced from biomass gasification in internal combustion engine (ICE) 

or organic Rankine cycle (ORC) systems offers efficient pathways to generate electricity 

and heating [7]. In ICEs, syngas replaces conventional fuels, converting its energy into 

mechanical energy and then electricity, leveraging existing engine technologies. The 

ORC, which is suited for low-grade heat, uses syngas to heat an organic fluid, driving a 

turbine to produce electricity at efficiencies higher than traditional steam cycles at similar 

temperatures. These approaches not only recycle waste into valuable energy, reducing 

environmental impact and enhancing energy diversity but also support a circular economy 

by efficiently harnessing renewable resources for power and heating [8]. Susastriawan et 

al. [9] conducted a thorough review of biomass gasification literature, focusing on its 

integration with internal combustion engines. They underscored the potential of biomass 

waste producer gas as a renewable fuel for both spark ignition (SI) and compression 

ignition (CI) engines. The review delved into various gasifier designs and operational 

factors affecting performance, including feedstock properties, gasification medium, 

equivalence ratio, and temperature. Tar removal methods, essential for engine fuel 

applications, were discussed, with an emphasis on achieving tar content below 100 

mg/Nm3. Rovas and Zabaniotou [10] performed an exergy analysis of a cogeneration 

system, a small gasification-based bioenergy setup fueled by Mediterranean agro-food 

processing wastes like olive kernel, fruit kernel, and wine production waste biomass. The 

system, designed for a maximum thermal output of 12 kW and about 5 kW of electrical 

output, includes a fluidized bed gasifier, a producer gas cooling/cleaning system, and an 

ICE. Varying exergy efficiency were obtained, based on feedstock, with olive kernel 

showing the highest efficiency, highlighting the impact of feedstock characteristics on 
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system performance. Anvari et al. [11] introduced a system that combines a biomass 

gasification-powered gas turbine with an ORC and absorption cooling system for 

generating electricity and cooling. This research explores several steam injection methods 

aimed at improving efficiency and reducing CO2 emissions. The study emphasizes the 

significance of using biomass as a renewable source for combined heat and power 

generation, presenting a viable strategy for enhancing energy efficiency and addressing 

environmental concerns. Gonzalez et al. [12] examined the thermodynamic performance 

of an integrated gasification-power plant (IGPP) in the sawmill industry, evaluating the 

potential of biomass gasification, utilizing pinewood chips residues, for combined heat 

and power generation. The findings suggest that the IGPP, in conjunction with heat 

recovery from exhaust gases, has the potential to furnish more than half of the electricity 

and nearly 40% of the thermal energy required for the sawmill process. Kavathia and 

Prajapati [13] explored the utilization of fruit and vegetable waste in biomass-fired 

combined heat and power systems, particularly focusing on their integration with 

regenerative organic Rankine cycle (RORC). The study emphasized the potential of 

anaerobic digestion as an effective waste treatment method, highlighting its ability to 

produce methane with minimal carbon emissions. Furthermore, it underscored the 

significance of organic working fluids in ORC systems, favoring dry fluids for their 

enhanced heat of vaporization. Additionally, the research examined various parameters 

influencing the economic viability of RORC systems and notes the availability of 

biomass-fired combined systems achieving electrical efficiency levels between 15% and 

20%.  

Life cycle assessment (LCA) and Techno-economic analysis (TEA) are useful tools in 

evaluating the environmental and economic viability of thermodynamic cycles, which are 

the heart of many energy systems, including power plants, refrigeration systems, and 
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various industrial processes [14]. Performing an LCA allows engineers and researchers 

to evaluate the environmental effects across a system’s entire lifecycle. In the context of 

thermodynamic cycles, an LCA measures the ecological impact, including greenhouse 

gas emissions, energy use, water consumption, and other environmental factors [15]. This 

process aids in steering the development of designs toward more eco-friendly options. In 

tandem, TEA provides a comprehensive evaluation of the economic aspects of these 

cycles, examining costs associated with development, implementation, operation, and 

maintenance, as well as potential revenues from the sale of energy or by-products [16]. It 

assesses the financial feasibility and competitiveness of different technologies or 

processes, considering factors like capital investment, operating costs, energy prices, and 

return on investment. Voultsos et al. [17] examined the energetic and environmental 

aspects of a cogeneration biomass gasification plant located in Thessaly, Greece, 

employing a combination of process simulation and LCA. Through simulations of the 

gasification process using various agricultural residues found in the region, they assessed 

the impact of technical parameters such as gasification temperature, equivalence ratio, 

and biomass moisture content, revealing a maximum gasification efficiency of 

approximately 70% across all feedstock types. When scaled up to a 1 MWel and 2.25 

MWth cogeneration plant, the LCA highlighted electricity self-consumption as a 

significant contributor to both global warming potential (GWP) and non-renewable Fossil 

energy demand. Additionally, they quantified CO2 mitigation and non-renewable energy 

savings, underscoring the environmental advantages of biomass cogeneration, although 

these are influenced by factors such as heat utilization and biomass availability. Chen et 

al. [18] investigated the thermodynamic and environmental performance of supercritical 

water gasification for hydrogen production, utilizing residue from a simultaneous 

saccharification and fermentation process with corn stover as the feedstock. By 
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integrating waste heat recycling through the ORC and reheating cycle, energy efficiency 

improved by 5.7% and 9.2%, respectively. LCA conducted with SimaPro demonstrated 

the system’s environmental friendliness, with GWP and acidification potential (AP) 

values indicating its superiority over alternative residue treatment technologies. Pati et al. 

[19] conducted an integrated analysis of a co-gasification-fermentation model for bio-

ethanol production from Indian lignocellulosic biomass. Using Aspen Plus, the study 

assessed techno-economic and environmental aspects, revealing a minimum ethanol 

selling price of 0.65 $/L and reduced CO2 emissions compared to traditional methods. 

Monte Carlo simulation yielded an 81.8% probability of a non-negative net present value 

(NPV), indicating favorable financial prospects. Furthermore, life cycle analysis 

demonstrated reduced CO2 emissions compared to traditional ethanol production, with 

the co-gasification-fermentation process, yielding 1.23 kg less CO2 per kg of bio-ethanol. 

Modifications to the model improved resource utilization and reduced environmental 

impact, highlighting its economic viability and environmental benefits. Chen et al. [20] 

conducted a thorough techno-economic assessment of a combined cooling, heating, and 

power system (CCHP) integrated with an ORC and absorption heat pump, driven by a 

natural gas-powered ICE. Aimed at enhancing energy efficiency and reducing emissions, 

the study employed a modified techno-economic method coupled with life cycle analysis 

to evaluate specific costs for electricity, cooling, and heating. It was seen that electricity 

is the least expensive commodity at 0.145 $/kWh, while cooling emerged as the priciest 

at 0.663 $/kWh. Emphasizing the importance of considering equivalent emissions in life 

cycle assessments, the research provided insights into the economic and environmental 

performance of integrated energy systems. Zang et al. [21] performed a study aimed at 

designing a CCHP system tailored to meet the energy needs of an office building at the 

University of Iowa in the U.S. By comparing six system options that varied in wood-tire 
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mixture ratios and gasifier numbers, they employed Aspen Plus and MATLAB models to 

simulate the process. A discounted cash flow rate of return analysis was used to evaluate 

the levelized cost of electricity (LCOE), factoring in heating and cooling as byproducts. 

It was determined that a 100% wood gasification model with four gasifiers consistently 

achieved the highest average energy efficiency, ranging from 37% to 66%, while the 

100% tire gasification model exhibited the lowest LCOE at 0.15 $/kWh. The study 

highlighted decarbonization potential and suggested future research areas: life cycle 

assessment, expanding to more buildings, and pilot-scale CHP system testing for 

enhanced efficiency. 

Based on comprehensive studies, it becomes evident that harnessing agri-food residues 

as biomass fuels through gasification technology, integrated with ICE or ORC systems 

for electricity and heating production, represents an important step towards sustainable 

energy. The synergy of these technologies not only capitalizes on the renewable nature 

of agricultural waste, minimizing environmental impact and enhancing energy security, 

but also underscores the efficiency and versatility of bioenergy production pathways. 

Simultaneously, the application of LCA and TEA in evaluating these systems is important 

for ensuring environmental sustainability and economic viability, offering a holistic view 

of their impact and performance, thereby guiding optimization and policy-making 

towards greener energy futures. As a consequence, the objectives pursued in this article 

is to apply techno-economic and life cycle analyses to assess the sustainability of 

gasification-based cogeneration with agri-food residues and heat recovery technologies. 

The steps followed in the study follow: 

• Examining the residues from three different agri-food value chains—almond 

hulls, exhausted olive pomace, and date palm fronds —as sources of biomass fuel 

with the highest potential for bioenergy in Tunisia. 
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• Investigating the gasification of all three considered biomass fuels in a downdraft 

gasifier under uniform gasification conditions. 

• Energy recovery from the gasification unit for electricity and heating generation 

through two technologies involving: 1) integrating the cooling and cleaning unit 

with an internal combustion engine, and 2) integrating an externally fired gas 

turbine to the Rankine cycle. 

• Implementing energy analysis for both simulated cogeneration systems across the 

three investigated biomass fuels: calculating mass balances, energy balances, and 

energy efficiencies.  

• Conducting life cycle assessment analysis on both simulated cogeneration 

systems for each of the three studied fuels: midpoint and endpoint methods. 

• Conducting techno-economic analysis: calculating net present value, simple and 

discounted payback periods, levelized cost of electricity and profitability index. 

Thus, the main objective of this article is to conduct a comparative study of two proposed 

cogeneration systems using different fuels. Grounded in environmental and economic 

analysis, the comparison seeks to identify the most economically viable system while 

constraining or minimizing pollutant emissions. This study examines three distinct 

biomass fuels with both cogeneration systems to achieve its objectives. 

 

2 Material and methods 

In this section, an introduction is provided to the biomass fuels employed here for the 

gasification processes of the cogeneration systems. Then, the simulated cogeneration 

systems are presented, alongside the analytical tools and methodologies applied to these 
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systems. This includes life cycle assessment and techno-economic analysis, which are 

discussed in detail. 

2.1 Biomass fuels in the gasification processes 

The importance and potential of agricultural product residue, as well as its significant 

potential for bioenergy production, were mentioned in the introduction section. The 

biomass potential can vary depending on the annual production of agricultural products 

in different countries [22]. In Tunisia, three agricultural products, namely olive, date 

palm, and almond, have the highest production rates. According to the prior work [22], 

exhausted olive pomace (EOP), date palm (DP) fronds, and almond hulls, with 5355 TJ, 

4538 TJ, and 2766 TJ respectively, have the highest bioenergy production rates. 

Therefore, in this study, these three types of agricultural residue are used as fuels in the 

gasification process of the proposed cogeneration systems. Figure 1 shows these three 

types of agricultural residue. 

   

Figure 1 Types of biomass fuels used in the gasification processes of the simulated 

cogeneration systems: a) almond hulls, b) EOP, and c) DP fronds. 

2.2 Proposed cogeneration systems utilizing gasification technology 

Figures 2 and 3 illustrate the cogeneration systems proposed in this study. The simulations 

of the systems are carried out using Thermoflex software, a comprehensive tool for 

modeling thermal systems. As observed, in both cogeneration systems, the gasification 

process is utilized for valorizing biomass fuels. This involves biomass reacting with air 
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in a downdraft gasifier to produce hot syngas. However, to recover energy from the 

produced hot syngas, two methods are employed, which are detailed subsequently. 

In Figure 2, an ICE is utilized for the recovery of energy from gasification. Initially, the 

hot syngas output from the gasifier is directed to the cooling and cleaning unit to generate 

cold syngas. Then, the cold syngas is fed into the internal combustion engine, which leads 

to electricity generation. In parallel, hot water is produced by capturing the energy from 

the jacket water cooling system employed for cooling the engine. In Figure 3, an external 

fired gas turbine (EFGT) equipped with heat exchanger 2 (HX2) and an ORC is utilized 

to recover energy from the hot syngas produced by the gasification unit. Initially, the hot 

syngas combusts in a combustion chamber with air supplied by an air compressor, 

generating hot gases. These hot gases then enter turbine 1, where they generate power. 

Following this, the expanded gases move into heat exchanger 1 (HX1) to transfer energy 

to thermal oil, supplying the necessary energy to drive the Rankine cycle. Note that, in 

this simulation, the energy from the hot gases is not directly used to power the ORC, to 

ensure the working fluid retains its physical properties [23]. The hot gases exiting HX1 

are recuperated by HX2 and are used for hot water production. Furthermore, in the 

Rankine cycle, the working fluid, after absorbing heat in the evaporator, expands through 

turbine 2, generating power. The detailed assumptions made in the modeling of both 

cogeneration systems are specified in Table 1. 
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Figure 2 Modeled cogeneration system using an ICE 

 

Figure 3 Modeled cogeneration system using an EFGT_ORC 

 

Table 1 Assumptions for inputs and outputs in the modeled cogeneration systems 

Parameter Value  

Ambient air pressure and temperature  P0=1.013 bar, T0= 20 0C 

  

Gasification pressure and temperature Pgasifier=1.013 bar, Tgasifier= 850 0C 

Exit temperature of cyclone  Tcyclone= 400 0C 

  

Pressure drop at gas side of heat exchangers  0.1 bar 
Pinch point temperature of HX1, HX2 and evaporator  ∆THX1=∆THX2=∆TEva=2.780C 

  

Pressure drop correction factor at separators  0.1 bar 
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Heat rejection per unit of inlet syngas at separators  10 kJ/kg 

  

Fuel inlet pressure and temperature to engine  P0=1.012 bar, T0= 35 0C 
Exhaust gas temperature of engine TExhaustgas= 515 0C 

Inlet air pressure and temperature to engine Pair=1.013 bar, Tair= 20 0C 

  
Output temperature of combustor 950 0C 

Pressure ratio of air compressor and gas turbine 12 bar 

Mechanical efficiency of air-compressor and gas turbine 99.8% 
  

Organic working fluid in ORC  Toluene  

Design point pressure of turbine  25 bar 
Mechanical efficiency of turbine 99.75% 

Mass flow rate of water input to condenser  3 kg/s 

 

Descriptions related to the biomass gasification process in the gasifier, as well as the 

governing equations for biomass combustion with air, are provided in Reference [24]. 

The energy efficiencies for the cogeneration system equipped with an ICE and for the 

cogeneration system utilizing the EFGT_ORC are calculated as follows: 

𝜂𝐶𝐻𝑃,𝐼𝐶𝐸 =
𝑃𝑔𝑒𝑛,𝐼𝐶𝐸 + 𝑄̇𝑡ℎ,𝐼𝐶𝐸

𝑄̇𝑖𝑛

 
(1) 

𝜂𝐶𝐻𝑃,𝐸𝐹𝐺𝑇_𝑂𝑅𝐶 =
𝑃𝑔𝑒𝑛,𝐺𝑇 + 𝑃𝑔𝑒𝑛,𝑂𝑅𝐶 + 𝑄̇𝑡ℎ,𝐻𝑋2

𝑄̇𝑖𝑛

 
(2) 

Here, 𝑄̇𝑖𝑛 denotes the input energy rate to the systems through biomass gasification 

[24];  𝑃𝑔𝑒𝑛,𝐼𝐶𝐸 and 𝑄̇𝑡ℎ,𝐼𝐶𝐸 are the generated electricity and hot water rates by the ICE, 

respectively, the corresponding equations for which are detailed in Reference [24]. The 

net produced electricity rate by the EFGT is denoted by 𝑃𝑔𝑒𝑛,𝐺𝑇, while 𝑃𝑔𝑒𝑛,𝑂𝑅𝐶 is the net 

generated electricity rate through the Rankine cycle, and 𝑄̇𝑡ℎ,𝐻𝑋2 indicates the hot water 

production rate by HX2. These parameters can be expressed as follows: 

𝑃𝑔𝑒𝑛,𝐺𝑇 = 𝑊̇𝑇𝑢𝑟𝑏𝑖𝑛𝑒1 − 𝑊̇𝐴𝑖𝑟𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 (3) 

𝑃𝑔𝑒𝑛,𝑂𝑅𝐶 = 𝑚̇𝑂𝑅𝐶[(ℎ𝑖𝑛,𝑡𝑢𝑟𝑏𝑖𝑛𝑒2 − ℎ𝑜𝑢𝑡,𝑡𝑢𝑟𝑏𝑖𝑛𝑒2) − (ℎ𝑜𝑢𝑡,𝑝𝑢𝑚𝑝 − ℎ𝑖𝑛,𝑝𝑢𝑚𝑝)] (4) 

𝑄̇𝑡ℎ,𝐻𝑋2 = 𝑚̇𝑤𝑎𝑡𝑒𝑟(ℎ𝑜𝑢𝑡,𝐻𝑋2 − ℎ𝑖𝑛,𝐻𝑋2) (5) 

 

3 Life cycle assessment methodology  
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The life cycle assessment method offers a comprehensive perspective on the 

environmental aspects of products or systems, enabling a thorough evaluation of their 

overall environmental impacts. This approach examines the impacts of energy inputs and 

waste outputs on the environment, covering effects on air, water, land, and human health. 

Through LCA, businesses, policymakers, and consumers can make informed decisions, 

grounded in a thorough understanding of the environmental implications of products and 

services. This fosters a move towards sustainability and the minimization of 

environmental footprints. The methodology unfolds across four main stages: defining the 

goal and scope, inventory analysis, impact assessment, and interpretation [25]. Each stage 

is detailed further below. 

3.1 Goals and Scope Definition 

The initial stage of LCA consists of establishing the study’s objectives and scope, 

determining the functional unit, setting the system boundaries, and outlining the study’s 

assumptions. This study aims to evaluate the environmental performance of electricity 

production from valorization of different biomass fuels, including almond hulls, EOP, 

and DP fronds, using gasification technology. It involves a comparison between two 

cogeneration systems: one utilizing gasification coupled with an ICE and the other 

employing gasification followed by an EFGT and an ORC. The simulated cogeneration 

systems produce both electricity and heat energies; however, for the LCA analysis, the 

functional unit (FU) is specified as the production of 100 kJ of electricity. The LCA 

adhered to a gate-to-cradle boundary approach, focusing on the conversion of biomass 

fuels into energy. In the other world, this study does not account for downstream 

activities, including the extraction of olive oil, production of date fronds, almond hulls 

production, and the potential transportation of residues from these agricultural products. 
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The rationale behind this exclusion is the assumption that the impacts or metrics related 

to these processes remain consistent across all management options evaluated [26]. 

In this article, a simulation of gasification for three specified biomass types in two 

cogeneration systems is presented, leading to a comparison across six different scenarios 

for generating electricity. To ensure the comparability of the outcomes from these six 

scenarios, analyses of mass and energy for each cogeneration system are carried out under 

a consistent set of assumptions. These assumptions include maintaining the same 

temperature and pressure in the gasifier, as well as identical cyclone outlet temperatures 

for all three types of fuel. Additionally, when conducting the LCA analysis, the 

assessment does not consider capital goods like machinery, equipment, and buildings. 

3.2 Life cycle inventory analysis 

Life Cycle Inventory (LCI) analysis involves data collection and calculation procedures 

to quantify relevant inputs and outputs of a product system [27]. Inputs include raw 

materials, energy use, and other resources, while outputs involve emissions to air and 

water, solid waste, and various environmental discharges. This phase aims to compile an 

inventory of all relevant energy and material inputs and environmental releases associated 

with the product system [27]. As previously stated, the evaluated cogeneration systems, 

fueled by various types of biomass, were modeled using Thermoflex software to calculate 

their mass and energy balances. Consequently, these simulations yielded valuable insights 

into emissions, resource utilization, and energy consumption for each case. The LCI data 

for both proposed cogeneration systems, utilizing different biomass fuels, are detailed in 

Tables 2 and 3. 
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Table 2 Data on inventory for the cogeneration system modeled with an ICE, 

differentiated by biomass fuel types, based on FU=100 kJ of electricity production. 

 

Table 3 Data on inventory for the cogeneration system modeled with an EFGT_ORC, 

differentiated by biomass fuel types, based on FU=100 kJ of electricity production. 

 

3.3 Impact assessment methodology 

In the present investigation, the LCA is executed employing SimaPro software, which 

conforms to the standards established by the International Organization for 

Standardization (ISO), specifically those delineated in ISO 14040 and 14044 [28]. With 

LCA, the impact assessment stage is important as it interprets the inventory of material 

Stage Inputs/outputs Almond (hulls) EOP DP (fronds) 

Gasification unit Biomass (g)  31.9 28.3 36.6 

Air (g) 52.3 58 41.4 

Gasifying agent (kJ) 1.675 1.664 1.69 

Heat losses (kJ) 55.13 56.22 53.59 

 Slag (g) 

(ash/carbon/chlorine) 

0.8 0.4 1.3 

Cleaning and cooling unit Emissions to air (g) 
H2O 

CO 

H2S 
COS 

Ar 

 
6.37 

2.23 

0.003 
0.00014 

0.51 

 
5.74 

2.26 

0.024 
0.0008 

0.57 

 
8.31 

2.026 

0.15 
0.004 

0.4 

ICE and hot water production unit Emissions to air (g) 
N2 

O2 

CO2 
H2O 

Ar  

 
117.3 

0.0223 

29.6 
22.3 

0.91 

 
121.74 

0.026 

28.82 
22.12 

0.91 

 
108.81 

0.0305 

28.42 
24.32 

0.914 

Stage Inputs/outputs Almond (hulls) EOP DP (fronds) 

Gasification unit Biomass (g)  17.9 16 21.1 

Air (g) 29.8 34 25 

Gasifying agent (kJ) 1.64 1.632 1.65 

Heat losses (kJ) 33.22 33.75 33.43 

 Slag (g) 
(ash/carbon/chlorine)  

0.3 0.2 0.8 

EFGT_ORC, and hot water 

production unit 

Electricity consumption (kJ) 

 
Emissions to air (g) 

N2 

O2 

CO2 

H2O  

Ar 
SO2  

0.8296 

 
 

235 

45 

12 

21 

2.8 
0.0035 

0.8297 

 
 

235 

44.2 

17 

21 

2.83 
0.03 

0.8296 

 
 

232 

45 

17.35 

24.5 

2.8 
0.19 
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inputs and environmental releases to assess their potential impacts on the environment 

and human health. The impact assessment phase often involves two methods: mid-point 

and end-point [29]. Mid-point methods are characterized by their focus on immediate 

environmental impacts, such as global warming or acidification [30]. They deliver 

detailed and scientifically reliable insights with a high degree of specificity. However, 

these methods necessitate further interpretation to fully grasp their implications in real-

world scenarios. Conversely, end-point methods are designed to quantify the ultimate 

impacts on human health, ecosystems, and natural resources [30]. They yield intuitive, 

aggregated outcomes that facilitate decision-making processes, albeit at the risk of 

introducing greater uncertainty and the potential for oversimplification. Each approach 

caters to distinct analytical needs: mid-point methods provide in-depth understanding of 

specific environmental challenges, whereas end-point methods offer a streamlined 

overview of the ultimate consequences, enhancing decision-making at a broader level.  

In this work, both approaches are utilized in conducting the LCA to leverage the 

advantages of each method, thereby providing a more comprehensive assessment of 

environmental impacts. Moreover, the results of all the impact scores are normalized, 

making them easier to compare between the impact categories. Normalization makes it 

easier to pinpoint which impact categories contribute most and least to environmental 

impacts, streamlining the decision-making process. The normalized environmental 

impacts are determined by dividing the environmental impacts of each category by a 

reference value, as follows [31]: 

𝑁𝑘 =
𝑆𝑘

𝑅𝑘
 

(6) 
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where k represents the category of impact, N is the environmental impact once 

normalized, S indicates the impact category’s indicator from the characterization phase, 

and R is the normalization factor or reference value. 

Finally, it is important to note that, in all cases examined, electricity production is the 

main output, with hot water production considered a by-product. Consequently, the 

environmental impacts of producing electricity and hot water in the cogeneration systems 

are allocated based on economic considerations. The environmental impacts of each 

process are allocated to the primary product in proportion to their total economic value, 

as follows [31]: 

𝐸𝐴 =
𝐸𝑉 × 𝑀

∑ (𝐸𝑉𝑛 × 𝑀𝑛)𝑛
× 100 

(7) 

where EA represents the economic allocation as a percentage, EV denotes the economic 

value in $/kWh, and M is the energy produced by each output, measured in kWh. 

4 Techno-economic analysis 

A comparative economic feasibility assessment of the proposed cogeneration plants with 

ICE and EFGT-ORC was performed in accordance with the standard methods for the 

financial appraisal of investments. These methods consider net present value, internal rate 

of return, payback period and levelized cost of electricity [32]. 

The net present value (NPV) provides the cumulative net cash flow discounted over the 

operational lifespan of the cogeneration plant to future value [32]. This parameter 

indicates the earnings after paying back the initial capital investment (INV). Therefore, 

NPV > 0 and NPV < 0 represent earnings and losses, respectively. NPV can be expressed 

as 
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NPV = −INV + ∑

𝑛

𝑡=1

NCF (1 + 𝑖)−𝑛 
(8) 

where n is the total number of annual periods that make up the operational lifespan of the 

integrated gasification plant, i is the discount rate (real rate of interest) and NCF is the net 

cash flow in each period. 

The internal rate of return (IRR) is the discount rate for which the NPV is equal to zero 

[33]. This parameter represents the maximum discount rate at which the investment 

breaks even. Calculation of the IRR can be performed iteratively by variation of the 

discount rate using the Newton–Raphson method. 

Another key economic parameter is the profitability index (PI) [34], defined as the ratio 

of the net present value to the initial investment. A value greater than 1 indicates a 

profitable project. PI can be expressed as 

PI =
NPV

INV
 

(9) 

The simple payback period (SPB) is the period required to pay off the initial capital 

investment without accounting for the annual discount rate. It can be expressed by 

dividing the initial investment by the annual net cash flow: 

𝑆𝑃𝐵 =
INV

NCF
 

(10) 

However, the discounted payback period is often used as an improved version of the SPB 

to better account for the present value of future cash flows. The DPB calculates the period 

after which an investment is expected to break even and, thus, it is consistent with the 

NPV. But NPV is more complex, leaving SPB as a commonly used financial indicator. 

The DPB can be calculated, assuming that each cash flow is equal, as follows (for constant 

cash flows): 
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DPB =

log (
1

1 − INV 
𝑖

NCF

)

log(1 + 𝑖)
 

(11) 

The levelized cost of electricity (LCOE) indicates the minimum price at which electricity 

must be sold for the investment to break even [32]. The LCOE is measured in terms of 

cost per unit energy. This parameter is calculated as the ratio of the net present value of 

total capital and operating costs to the total electricity generation over the operational 

lifespan of the cogeneration plant, as follows:  

LCOE =
INV + ∑𝑛

𝑡=1 𝐶𝑛 (1 + 𝑖)−𝑛

∑𝑛
𝑡=1 𝐸𝑛 (1 + 𝑖)−𝑛

 
(12) 

where Cn and En respectively are the net cost (operation and maintenance cost and 

feedstock cost) and the electricity generation in each period. 

 

5 Results and discussion 

5.1 Almond (hulls), EOP and DP (fronds) characterization 

As previously mentioned, the gasification process of the cogeneration systems examined 

in this paper employs three types of agri-food residues: almond hulls, EOP, and DP 

fronds. The results obtained from the ultimate and proximate analyses for these fuels are 

listed in Table 4, which also includes results for these fuel types from other research. As 

can be observed in this table, almond hulls, with 8% moisture content, have the highest 

level of moisture. Date palm fronds are next with 7.9%, followed by EOP with 6%. 

Almond hulls contain 5.7% ash, while date palm fronds contain 5.3% and EOP 4.6%. 

EOP has the highest higher heating value at 20 MJ/kg, followed by almond hulls and date 

palm fronds at 18.4 and 16.2 MJ/kg, respectively. 
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In Table 5, the specifications of the cold syngas fed to the ICE in the simulated 

cogeneration system equipped with an ICE are provided for each of the three biomass 

fuels studied. It is observed that the cold syngas produced in the cogeneration system 

through the gasification of date palm fronds fuel has the highest lower heating value at 

5.46 kJ/kg. The cold syngas using almond hulls and EOP exhibit lower heating values of 

4.84 and 4.6 kJ/kg, respectively. 
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Table 4 Heating value (higher/lower) and proximate and ultimate analyses of various samples of almond hulls, EOP, and DP fronds, on a dry 

basis. 

Analysis/ Sample Almond (hulls) EOP DP (fronds) 

[35] [36] This work [37] [38] This work [39] [40] This work 

Elemental analysis (wt %) Moisture 6.72 ± 2.87 7.20 8.2 4.8-13.8 6.8 6.08 8.20 ± 0.72 8.50 ± 1.9 7.9 

Fixed carbon 18.77 ± 0.57 22.89 22.79 16.43-22.36 21.6 20.38 10.97 ± 1.00 9.12 11.6 

Volatile matter 62.72 ± 1.93 71.33 69 70.24-76.67 67.20 72 81.24 ± 2.64 72.28 ± 3.4 80 
Ash content 11.80 ± 0.37 5.78 5.7 5.4-9.2 4.4 4.6 7.67 ± 1.05 5.50 ± 0.7 5.3 

Ultimate analysis (wt %) C 44.23 ± 1.38 45.79 45.42 47.49-55.44 53.4 49.15 37.7 ± 1.31 39.95 ± 0.09 38 

H 4.65 ± 0.21 5.36 5.36 5.26-6.5 7.5 6.52 5.58 ± 0.17 7.19 ± 0.03 5.75 
O 49.88 ± 1.52 40.60 40.03 31.04-38.86 37.4 36.23 48.66 ± 1.96 52.70 46.7 

N 1.25 ± 0.07 0.96 0.96 0.40-2.20 1.7 0.8 1.35 ± 0.10 0.158 ± 0.03 1.16 

S - 0.01 0.01 0.07-0.24 - 0.1 0.53 ± 0.02 - 0.48 
Heating value (MJ/kg) HHV 15.74 ± 0.50 18.22 18.38 19.12-20.94 20.70 20.452 - 19.09 16.2 

LHV - 17.13 17.05 17.68-19.55 - 18.99 - - 14.819 

 

Table 5 Properties of the cold syngas input to the internal combustion engine of the ICE cogeneration cycle. 

 Cogeneration with ICE 

Sample Almond (hulls) EOP DP (fronds) 

H2 (%) 22.74 21.65 27.24 

N2 (%) 45.11 48.31 39.06 
CO (%) 21.29 20.53 21 

CO2 (%) 10.86 9.507 12.69 

CH4 (%) 0.0039 0.0039 0.0043 
Molecular weight (-) 23.84 23.9 22.96 

LHV (kJ/kg) 4840 4626 5464 

HHV (kJ/kg) 5260 5025 5986 
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5.2 Mass and energy balances of simulated cogeneration processes for various 

biomass fuels  

To accurately understand the mass flows in simulated cogeneration systems, mass 

balances for these systems using almond hulls, EOP and DP fronds fuels, aimed at 

generating 100 kJ of electricity, are detailed (see Table 6). This table includes both the 

input and output masses of the cogeneration systems, presented in g/s and as percentages 

of the total input and output mass. Broadly, the data reveal that, for all three types of 

biomass fuel, the total mass input into the cogeneration equipped with EFGT_ORC is 

greater compared to the cogeneration equipped with ICE. Nonetheless, the biomass mass 

input into the EFGT_ORC cogeneration system is lower than that into the ICE 

cogeneration system for each fuel type. In the ICE cogeneration system, DP fronds 

allocate the highest biomass input mass to the gasifier at 36 g/s, followed by almond hulls 

at 32 g/s, and EOP at 28 g/s. Furthermore, among the output masses from the ICE 

cogeneration cycle, EOP contribute to 95% of the total mass exiting the cycle as exhaust 

gases from the engine, marking a higher percentage of exhaust gases from the internal 

combustion engine compared to DP fronds and almond hulls. 
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Table 6 Mass balances for simulated cogeneration with ICE and EFGT_ORC systems 

  Cogeneration with ICE  Cogeneration with EFGT_ORC 
 

Almond (hulls) EOP DP (fronds)  Almond (hulls) EOP DP (fronds) 

i𝒎̇𝒊𝒏 (g/s)  180.1 (100%) 182.1 (100%) 174.7 (100%)  321.9 (100%) 320 (100%) 322.1 (100%) 

Biomass  31.9 (17.7%) 28.3 (15.5%) 36.6 (20.9%)  17.9 (5.56%) 16.1 (5%) 21.1 (6.6%) 

Air into gasifier 52.3 (29%) 58 (31.8%) 41.4 (23.7%)  29.8 (9%) 34 (10.6%) 25 (7.7%) 

Air into ICE 95.9 (53.2%) 95.8 (52.6%) 96.7 (55.3%)  274.2 (85.2%) 271 (84.7%) 276 (85.7%) 

𝒎̇𝒐𝒖𝒕 (g/s) 180.1 (100%) 182.1 (100%) 174.7 (100%)  321.9 (100%) 320 (100%) 322.1 (100%) 

Exhaust gases 170.2 (94.5%) 174 (95.3%) 162.5 (93.02%)  321.6 (99.9%) 319.7 (99.9%) 321.3 (99.7%) 

Losses  9.9 (5.5%) 8.5 (4.7%) 12.2 (6.90%)  0.3 (0.09%) 0.2 (0.09%) 0.8 (0.25%) 

 

Table 7 Energy balances in simulated cogeneration with ICE and EFGT_ORC systems 

  Cogeneration with ICE  Cogeneration with EFGT_ORC 
 

Almond (hulls) EOP DP (fronds)  Almond (hulls) EOP DP (fronds) 

𝑬̇𝒊𝒏 (kW)  491.5 (100%) 485.3 (100%) 490.4 (100%)  277 (100%) 276 (100%) 284.6 (100%) 

𝑬̇𝒐𝒖𝒕 (kW)        

Electricity production 100 (20.35%) 100 (20.6%) 100 (20.4%)  100 (36.1%) 100 (36.2%) 100 (35.2%) 

Hot water production 122.8 (25%) 122.8 (25.3%) 122.8 (25%)  30.5 (11%) 28.7 (10.4%) 31.3 (11%) 

Losses in gasification unit 71.75 (14.6%) 63.18 (13%) 71.2 (14.5%)  37.6 (13.6%) 37.7 (13.7%) 43.7 (15.3%) 

Losses in cooling and cleaning unit 62.2 (12.65%) 63.6 (13.1%) 61.5 (12.5%)  - - - 

Losses in ICE and hot water production unit 134.9 (27.44%) 135.7 (27.9%) 135.5 (27.6%)  - - - 

Losses in EFGT_ORC, and hot water production unit - - -  109.3 (39.5%) 109.1 (39.6%) 109.4 (38.4%) 
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Energy balances for cogeneration systems utilizing almond hulls, EOP, and DP fronds as 

fuels, with the objective of producing 100 kJ of electricity, are detailed in Table 7. In this 

table, the energy outputs from the cogeneration systems are expressed both in kW and as 

a percentage of the total energy input. It is generally observed that, for all fuels used, the 

total energy input into the cogeneration cycle utilizing ICE is roughly 43% higher than 

that for cycle employing EFGT_ORC. As a result, the amount of hot water generated in 

the cogeneration cycle with the ICE surpasses that of the EFGT_ORC cycle by 

approximately 75%. 

The energy balance in the cogeneration cycle with an ICE exhibited similar behavior 

across all three fuels used in the gasifier. In this cycle, for each gasified fuel, 100 kJ of 

electricity (approximately 20% of the total input energy) and 112.8 kJ of hot water 

(approximately 25% of the total input energy) are produced. The largest energy loss is 

observed in the ICE and hot water production unit, accounting for about 27% of the total 

input energy. In the cogeneration cycle employing EFGT_ORC, approximately 36% of 

the input energy is allocated to electricity generation, and about 11% is utilized for hot 

water production across all three fuels. The EFGT_ORC unit records the highest energy 

losses for fuels such as almond hulls, EOPs, and DP fronds, with each fuel contributing 

to 38.5% of the total energy output as losses. 

Ultimately, energy efficiencies for the cogeneration cycle using an ICE are determined to 

be 48.6%, 48.5%, and 48.7% for almond hulls, EOP, and DP fronds fuels, respectively. 

Similarly, for the EFGT_ORC cogeneration cycle, energy efficiency has been calculated 

at 47.8%, 47.7%, and 48.4% for almond hulls, EOP, and DP fronds fuels, respectively. 

5.3 Life cycle assessment impact analysis 
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The results from the LCA analysis for both environmental methods, including midpoint 

and endpoint, are presented. It is noted that in the midpoint analysis, the examined 

parameters are as follows [41]:  

- Climate change (CC): The emission of greenhouse gases such as carbon dioxide, 

methane, and nitrous oxide, contributing to global warming and climate change. 

- Ozone depletion (OD): The release of substances like chlorofluorocarbons (CFCs) 

that deplete the ozone layer, resulting in increased ultraviolet radiation reaching 

the Earth's surface. 

- Terrestrial acidification (TA): Signifying the release of acidic substances into 

terrestrial ecosystems, leading to soil and water acidification. 

- Freshwater eutrophication (FE): Excessive nutrient enrichment of freshwater 

bodies, causing algal blooms and ecosystem degradation. 

- Marine eutrophication (ME): Similar to freshwater eutrophication, but occurring 

in marine ecosystems. 

- Human toxicity (HT): Referring to the potential harm posed to human health by 

exposure to toxic substances. 

- Particulate matter Formation (PMF): The generation of fine particles in the 

atmosphere, which can adversely affect both human health and the environment. 

- Natural land and fossil depletion (FD): Encompassing the depletion of natural 

resources, including both renewable (e.g., forests) and non-renewable (e.g., fossil 

fuels) resources. 

In the endpoint analysis, the examined parameters are [41]: 

- Human health (HH): Reflecting the overall impact on human health resulting from 

the environmental stressors assessed in the midpoint analysis. 
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- Ecosystem diversity (ED): Representing the diversity and integrity of ecosystems, 

encompassing species richness and habitat quality. 

- Resource availability (RA): Indicating the availability of resources necessary for 

sustaining human activities and ecosystems, including water, minerals, and energy 

sources. 

In Table 8, the LCA analysis results using the midpoint method for both proposed 

cogeneration systems and all three fuels are listed. It is evident that, for each fuel, 

cogeneration utilizing the ICE significantly impacts climate change when compared to 

the system based on EFGT_ORC. Specifically, the ICE cogeneration system powered by 

almond hulls, EOP, and DP fronds fuels demonstrate environmental climate change 

impacts of 2.99×10-2, 2.91×10-2, and 2.88×10-2 kg CO2 eq, respectively. In contrast, the 

EFGT_ORC cogeneration system accounts for about 4.75×10-4 kg CO2 eq of the climate 

change impacts for each of these fuels. Regarding ozone depletion, terrestrial 

acidification, freshwater eutrophication, marine eutrophication, particulate matter 

formation, and natural land and fossil depletion, the analysis indicates that for all three 

fuels utilized in the gasification process, the EFGT_ORC cogeneration exhibits greater 

environmental impacts than the ICE cogeneration cycle. Notably, TA and PMF effects in 

the EFGT_ORC cogeneration with DP fronds fuel represent 84% of the total impacts for 

these categories, in comparison to other fuels in this cycle. Additionally, the human 

toxicity impact in the ICE cogeneration cycle (2.41×10-4 kg 1,4-DCB for almond hulls, 

1.59×10-4 kg 1,4-DCB for EOP, and 3.43×10-4 kg 1,4-DCB for DP fronds) exceeds that 

of the EFGT_ORC cogeneration (1.76×10-4 kg 1,4-DCB for almond hulls, 1.55×10-4 kg 

1,4-DCB for EOP, and 2.78×10-4 kg 1,4-DCB for DP fronds), with the most significant 

human toxicity impact observed for DP fronds fuel in the ICE cogeneration cycle. 
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 Table 8 Comparison of environmental impacts of cogeneration systems for various 

fuels, based on midpoint analysis 

Environmental impact/value Cogeneration with ICE  Cogeneration with EFGT_ORC 

Almond 

(hulls) 

EOP DP  

(fronds) 

 

 

Almond  

(hulls) 

EOP DP  

(fronds) 

Climate change (kg CO2 eq) 2.99×10-2 2.91×10-2 2.88×10-2  4.70×10-4 4.66×10-4 4.87×10-4 

Ozone depletion (kg CFC11 eq) 

1.29×10-10 1.23×10-10 1.36×10-10  1.80×10-10 1.78×10-

10 

1.86×10-

10 

Terrestrial acidification (kg SO2 eq) 3.29×10-7 2.69×10-7 4.04×10-7  3.86×10-6 3.03×10-5 1.90×10-4 
Freshwater eutrophication (kg P eq) 2.25×10-8 1.79×10-8 2.83×10-8  2.32×10-8 2.20×10-8 2.89×10-8 

Marine eutrophication (kg N eq) 1.40×10-9 1.11×10-9 1.77×10-9  1.43×10-9 1.35×10-9 1.79×10-9 

Human toxicity (kg 1,4-DCB) 2.41×10-4 1.59×10-4 3.43×10-4  1.76×10-4 1.55×10-4 2.78×10-4 
Particulate matter formation (kg PM2.5 eq) 1.33×10-7 1.05×10-7 1.68×10-7  1.15×10-6 8.83×10-6 5.53×10-5 

Natural land and fossil fuel depletion (kg 

oil eq) 

1.38×10-4 1.33×10-4 1.44×10-4  1.95×10-4 1.93×10-4 2.00×10-4 

 

The LCA analysis results using the endpoint approach are listed in Table 9. When 

assessing the environmental impact on human health, the ICE cogeneration system 

demonstrates notable effects, showing a 2.75×10-8 impact for both almond hulls and EOP. 

In contrast, the EFGT_ORC cogeneration system showed a 1.22×10-9 impact for almond 

hulls and a 6.03×10-9 impact for EOP. However, utilizing DP fronds fuel resulted in a 

higher impact on human health in the EFGT_ORC cogeneration cycle, at 3.52×10-8, 

compared to 2.69×10-8 in the ICE cogeneration system. For ecosystem diversity impacts, 

the ICE cogeneration system accounted for 8.40×10-11, 8.17×10-11, and 8.08×10-11 

respectively for almond hulls, EOP, and DP fronds fuels. In contrast, the EFGT_ORC 

cogeneration system recorded impacts of 2.25×10-12, 7.85×10-12, and 4.19×10-11 for the 

same fuels respectively. Regarding resource availability impacts, almond hulls, EOP, and 

DP fronds fuels in the EFGT_ORC cogeneration cycle contributed to 19%, 19%, and 20% 

of the total impacts respectively, while in the ICE cogeneration cycle, the impacts were 

14%, 13%, and 14% respectively. 
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Table 9 Comparison of environmental impacts of cogeneration systems for various 

fuels, based on endpoint analysis 

Environmental impact/value Cogeneration with ICE Cogeneration with EFGT_ORC 

Almond 

(hulls) 

EOP DP  

(fronds) 

Almond 

(hulls) 

EOP DP  

(fronds) 

Human health  2.79×10-8 2.72×10-8 2.69×10-8 1.22×10-9 6.03×10-9 3.52×10-8 
Ecosystems  8.40×10-11 8.17×10-11 8.08×10-11 2.25×10-12 7.85×10-12 4.19×10-11 

Resources available  4.92×10-5 4.77×10-5 5.12×10-5 6.99×10-5 6.93×10-5 7.17×10-5 

 

The results of the environmental impact assessments, normalized through midpoint 

analysis for various fuels utilized in both the ICE and EFGT_ORC cogeneration systems, 

are depicted in Figure 4. It is evident that the impacts on climate change for all three fuel 

types are markedly greater in the ICE cogeneration cycle compared to the EFGT_ORC 

cogeneration cycle. For all three fuels, the EFGT_ORC cogeneration cycle exhibits 

higher environmental impacts in terms of TA, PMF, and FD than the ICE cogeneration 

cycle. Note that the employment of DP fronds as fuel presents the most substantial 

environmental impacts when compared with almond hulls and EOP fuels in EFGT_ORC 

cogeneration cycle.  
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Figure 4 Normalized environmental impact of cogeneration systems for various fuels, 

based on midpoint analysis 

The normalized environmental impacts assessed using endpoint analysis for various fuels 

employed in the simulated cogeneration systems are illustrated in Figure 5. It is observed 

that the use of almond hulls and EOP in the ICE cogeneration cycle results in higher 

impacts on human health and ecosystems compared to the EFGT_ORC cogeneration 

system. Notably, the EFGT_ORC cogeneration system demonstrates a distinct outcome 

for the impact on human health when using DP fronds, showing that this impact is more 

significant than that of the ICE cogeneration system. Contrary to the previous effects, the 

environmental impacts of using almond hulls, EOP, and DP fronds fuels in the ICE 

cogeneration cycle are less significant in terms of resource depletion compared to those 

in the EFGT_ORC cogeneration system. 
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Figure 5 Normalized environmental impact of cogeneration systems for various fuels, 

based on endpoint analysis 

Table 10 presents the results of the economic allocation for electricity, generated as the 

main product, and for hot water, produced as a by-product, across various fuels in the 

simulated cogeneration systems. As observed, the EFGT_ORC cogeneration system, due 

to its lower hot water output compared to the ICE cogeneration system, allocates a larger 

economic share to the generated electricity. 

Table 10 Economic allocation value to various products of the cogeneration systems, 1) 

CHP_ICE (cogeneration with ICE), and 2) CHP_ORC (cogeneration with 

EFGT_ORC), categorized by biomass fuel type 

Output  Economic 

value [42-44] 

Almond (hulls)  EOP  DP (fronds) 

CHP_ICE CHP_ORC  CHP_ICE CHP_ORC  CHP_ICE CHP_ORC 

Electricity 0.1 $/kWh 89.06% 97.03%  89.06% 97.20%  89.06% 96.96% 

Hot water 0.01 $/kWh 10.94% 2.97%  10.94% 2.8%  10.94% 3.04% 
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Finally, the developed midpoint environmental impacts for the ICE cogeneration system 

in comparison with the EFGT_ORC cogeneration system for the considered biomass 

fuels, are illustrated in Figure 6. It is evident, apart from human toxicity and climate 

change impacts, that the remaining midpoint impacts demonstrate a decrease in 

environmental effects for the ICE cogeneration system relative to the EFGT_ORC 

cogeneration system. 

 

Figure 6 Comparison of environmental performance parameters for ICE and 

EFGT_ORC cogeneration systems, for various fuel types 

5.4 Techno-economic feasibility assessment 

The techno-economic feasibility is assessed and compared in this section of both 

cogeneration systems using two waste heat recovery technologies: cogeneration with ICE 
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and cogeneration with EFGT-ORC. The considerations and assumptions made for the 

economic assessment follow: 

• The cogeneration system operates for 7,500 hours yearly and only requires two monthly 

shutdowns for maintenance work [45]. The operational lifespan of the cogeneration plant 

for the economic feasibility assessment is estimated at 20 years [45].  

• The capital expenditure required for the downdraft gasifier in the present work is 

estimated through the following expression: 

𝐶 = 𝐶𝑟 (
𝑆

𝑆𝑟
)

𝑚

 
(13) 

where Cr is the investment cost for a reference plant with a capacity Sr, C the investment 

cost for a plant with similar characteristics but a different capacity S, and m is the scaling 

factor, which takes values within the range of 0.5–1 and typically assumed to be 0.7 in 

the context of gasification systems [32]. The cost of the gasification technology for CHP 

applications was obtained directly from a manufacturer, which indicated that the capital 

investment required for a downdraft gasifier and producer gas conditioning unit with a 

rated consumption of 607 kg/h of olive pomace pellets is approximately $375,000. With 

the above considerations, the cost of gasification systems of varying capacity can be 

estimated through Eq. (13). In the simulated cogeneration plant equipped with 

EFGT_ORC, the cost of the downdraft gasifier was estimated to constitute 95% of the 

total investment, indicating that the gas conditioning unit accounts for the remaining 5% 

[46]. 

• In the cogeneration system equipped with ICE as a power generation unit, the power 

capital cost of the ICE was presumed to be $695.04/kWe based on a 100 kWe ICE, as 

reported by Wu et al. [47]. This estimation was further validated with data provided by 

the manufacturer, applying Eq. (13) to an ICE of different size running on producer gas. 
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On the other hand, the cost of the heat exchanger for hot water production was determined 

through the following empirical equation: 

𝐶HX = 12000 (
𝐴HX

100
)

0.6

 
(14) 

where CHX represents the cost of the heat exchanger in US dollars, while AHX denotes its 

area in square meters [24].  

• The capital cost of the ORC was estimated by aggregating the costs of its individual 

components using the empirical correlations in Table 11. According to these correlations, 

the power capital cost of the ORC amounts to approximately $4320/kWe. For context, 

Pantaleo et al. [48] conducted a thermoeconomic optimization study focused on small-

scale organic Rankine cycle systems for waste heat recovery applications. They 

performed a screening of 18 organic working fluids and reported power capital costs in 

the range of $2000–5000/kWe. Spale et al. [49] documented a capital expenditure of 

€ 4,056              -fired ORC unit with 6.2 kWe, resulting in a power capital cost of 

        €5500/  e. It is worth noting that the power capital cost of an ORC unit tends 

to decrease with higher electrical power output [50]. For systems with relatively low 

electrical power output (<50 kWe),                                          € 000/  e 

[50]. 

• The capital cost of the EGFT unit was estimated through the empirical correlation 

provided by Roy et al. [51],                                      €880.5 /  e. This 

assessment was further reinforced by comparison with the findings of Camporeale et al. 

[52],                                € , 00,000           T              electrical power 

output of 1383 kWe. T        q                                    €867.68/  e.  

• The operational and maintenance expenses were estimated at $0.01/kWh. Similarly, 

Vera et al. [34] observed slightly lower operational and maintenance costs, amounting to 
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€0.007/   ,                                   q                                        

by olive industry wastes and an ICE with a rated power of 70 kWe as power generation 

unit.  

• The fixed and installation costs of the gasification plant (civil works, electrical and 

mechanical assemblies) are estimated as 20% of the total investment.  

• In addition to the renewable electricity generation, the simulated cogeneration plants 

produce heat. The thermal energy is sold at a price of $10/MWhth, which is a competitive 

price when compared to the market prices of fuels for domestic uses in Tunisia in 2024 

(approximately $30/MWhth for natural gas and $70/MWhth for diesel fuel) [42, 43].  

• The annual discount rate was assumed equal to 8% based on the prevailing interest rates 

observed in Tunisia during 2024 [44]. 

Table 11 Purchase cost correlations of ORC equipment. All costs are expressed in US 

dollars 

Equipment Cost correlation Source 

Condenser  𝐶𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 1773 × 𝑚̇ORC   [53]  

Pump  𝐶𝑝𝑢𝑚𝑝 = 3540 × (𝑃𝑝𝑢𝑚𝑝)0.71   [53]  

Evaporator  𝐶𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 = 8500 + 409 × 𝐴0.85   [53]  

Expander  𝐶𝑒𝑥𝑝𝑎𝑛𝑑𝑒𝑟 = 6000 × (𝑃𝑒𝑥𝑝𝑎𝑛𝑑𝑒𝑟)0.7   [54]  

Generator  𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 = 60 × (𝑃𝑔𝑒𝑛)0.95   [55]  

Regenerator  𝐶𝑟𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 = 8500 + 409 × 𝐴0.85   [53]  

 

 

Table 12 reports the results from the economic feasibility assessment of both cogeneration 

systems. The evaluation includes three types of biomass feedstock: almond hull, EOP, 

and DP fronds. Focusing on the SPB and DPB, it is evident that the cogeneration with 

ICE generally exhibits shorter payback periods compared to the EFGT-ORC technology 

for all biomass feedstocks. This suggests a faster return on investment with the ICE 
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technology, with the SPB ranging from 3.70 to 3.9 years and DPB varying from 4.6 to 

4.9 years depending on the choice of biomass feedstock. Considering the NPV, 

profitability index and IRR, higher values indicate more favorable economic returns 

during the 20-year useful lifespan of the cogeneration plant. In this case, the NPV, PI and 

IRR are generally higher for cogeneration with ICE across all biomass feedstocks 

compared to cogeneration with EFGT-ORC. However, the differences in NPV, PI and 

IRR values between the two technologies are relatively small. Nevertheless, cogeneration 

with ICE generally exhibits higher LCOE values compared to cogeneration with EFGT-

ORC for all biomass feedstocks, suggesting that EFGT-ORC technology may offer 

slightly lower electricity production costs. 

Regarding the differences between biomass feedstocks, it is noted that each feedstock has 

unique characteristics such as energy content, availability, and cost. In this case, the 

results show some variation in economic indicators for various biomass feedstocks. 

Almond hulls generally result in shorter payback periods, and higher NPV, PI and IRR 

compared to EOP and DP fronds for both cogeneration technologies, mostly due to their 

lower price and relatively low consumption. EOP biomass tends to show slightly longer 

payback periods, lower NPV, PI and IRR compared to the almond hulls and DP biomass 

feedstocks, despite having lowest feedstock consumption, mostly because of its higher 

price. Date palm fronds exhibit competitive economic performance across most 

indicators, falling between almond and olive biomass in terms of economic feasibility. 

Although almond hulls apparently show slightly better economic metrics, the 

comparatively larger production and availability of olive pomace biomass in Tunisia 

suggest it may hold greater potential, despite its higher cost [22]. Nevertheless, due to its 

relatively high impact, the effect of the biomass cost on the economic performance is 

assessed and discussed in the next section. 
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Table 12 Results of economic feasibility assessment of the cogeneration systems 

 

Financial appraisal indicator  

Cogeneration with ICE  Cogeneration with EFGT-ORC 

Almond 

(hulls) 

EOP DP  

(fronds) 

 

 

Almond 

(hulls) 

EOP DP  

(fronds) 

SPB (years) 3.70 3.97 3.87  4.17 4.35 4.32 

DPB (years) 4.57 4.97 4.81  5.28 5.57 5.51 

NPV (k$) 372 314 368  344 310 337 

PI 1.65 1.47 1.54  1.35 1.25 1.27 

IRR (%)  26.77 24.86 25.60  23.63 22.55 22.78 

LCOE ($/kWh) 0.0618 0.0696 0.0623  0.0564 0.0608 0.0573 

 

5.5 Techno-economic sensitivity assessment 

Figure 7 examines the sensitivity of variations in the purchase price of biomass feedstock, 

electricity sale price, and heat sale price on key financial metrics of both cogeneration 

systems fueled with EOP. These metrics include the return on investment, assessed 

through the discounted payback period, as well as the profitability index and internal rate 

of return. 

The most influential variables for both simulated cogeneration systems are the biomass 

price and the electricity price. For the cogeneration system with ICE, the biomass price 

has a stronger effect, since it requires a higher feedstock consumption than the 

cogeneration system with EFGT-ORC to produce the same electric power output. In fact, 

if the biomass feedstock purchase price is higher than $0.06/kg in the cogeneration system 

with ICE, the plant becomes economically unsustainable. By contrast, the cogeneration 

system with EFGT-ORC can operate with a biomass purchase price up to $0.08/kg, 

mostly due to its lower feedstock consumption. Unlike the biomass purchase price, the 

electricity price has a similar effect on both systems, because the rated electric power 

output of both system is the same, leading to identical income streams from the sale of 

electricity, although dissimilar capital expenditures and slightly different expenses 
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associated with other parameters. In both cases, the cogeneration system becomes notably 

appealing financially, with electricity sale prices exceeding $0.1/kWh. Finally, the heat 

price is the variable with the least relevant effect on the financial metrics. However, it is 

seen that the effect of the heat price is more important in the cogeneration system with 

ICE, because it produces more heat compared to the cogeneration system with EFGT-

ORC. 

 

Figure 7 Sensitivity analysis for variations of the percentage of subsidy on biomass 

price (top), electricity price (center) and heat price (bottom). 

 

6 Conclusion 

Comprehensive evaluations of environmental impacts and techno-economic feasibility 

have been performed of gasification-based ICE and EFGT-ORC cogeneration systems 
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for sustainable bioenergy production. Given their abundance, particularly in 

Mediterranean countries, it is suggested that these systems be fueled with agri-food 

residues such as almond hulls, exhausted olive pomace, and date palm fronds. Both 

cogeneration systems for each fuel are analyzed for energy production of 100 kJ of 

electricity under identical conditions. 

The results from simulation of both cogeneration systems using the three biomass fuels 

reveal that the biomass input for EFGT_ORC is lower than for ICE, regardless of the fuel 

type. In ICE cogeneration, each fuel contributes about 20% to electricity and 25% to hot 

water, while EFGT_ORC allocates approximately 36% to electricity and 11% to hot 

water for all fuels. However, the energy efficiencies of both ICE cogeneration and 

EFGT_ORC cogeneration for almond hulls, EOP, and DP fronds fuels are found to be 

very similar (around 48%). 

The results of LCA using midpoint and endpoint methods indicate that EFGT_ORC 

cogeneration has higher environmental impacts in terms of TA, PMF, and FD than ICE, 

for all fuels considered. Additionally, DP fronds as a fuel exhibit more significant impacts 

compared to almond hulls and EOP in EFGT_ORC cogeneration. The LCA also reveal 

that the environmental impacts of using almond hulls, EOP, and DP fronds fuels in the 

ICE cogeneration cycle are less significant in terms of resource depletion compared to 

the EFGT_ORC cogeneration. The developed midpoint environmental impact results for 

ICE cogeneration, compared to the EFGT_ORC system for all three evaluated biomass 

fuels, also show that, except for HT and CC impacts, the remaining midpoint impacts 

demonstrate a decrease in environmental effects for the ICE cogeneration relative to the 

EFGT_ORC system. 

The findings of the technoeconomic analysis reveal that cogeneration with ICE offers 

shorter payback periods compared to EFGT-ORC technology. This translates into quicker 
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returns on investment, with SPB ranging from 3.70 to 3.97 years and DPB from 4.57 to 

4.97 years. Higher NPV, PI, and IRR values over the 20-year period favor cogeneration 

with ICE, despite minor differences compared to EFGT-ORC. However, cogeneration 

with ICE tends to have higher LCOE values, indicating that EFGT-ORC may offer 

slightly lower electricity production costs. Almond hulls demonstrate superior economic 

performance with shorter payback periods and higher NPV, PI, and IRR compared to 

EOP and DP fronds, attributed to their lower price and consumption, while EOP and DP 

fronds exhibit competitive economic feasibility, with olive pomace biomass holding 

greater potential despite its higher cost. The sensitivity analysis illustrates that variations 

in biomass feedstock purchase price, electricity sale price, and heat sale price significantly 

impact key financial metrics of cogeneration systems fueled with EOP, with biomass 

price and electricity price being the most influential variables, notably affecting the 

economic sustainability of the systems. 
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