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Abstract 

Traditional district heating (DH) and district heating and cooling (DHC) systems have to address 

two principal challenges: phase-out of fossil fuels in favor of renewables; and profit instability 

related to declines in heating and cooling demands along with electricity price fluctuations. These 

obstacles can be overcome at once through upgrading these systems to a polygeneration concept 

by means of a retrofitted air-steam gasifier and gas upgrading equipment, enabling the use of 

renewable feedstocks such as refuse derived fuel (RDF) and municipal solid waste (MSW). In 

particular, the polygeneration DHC system will be able to produce simultaneously heating, 

cooling, electricity and value-added products – char, syngas, synthetic natural gas (SNG) and 

hydrogen. This work investigates the retrofit of these DHC systems through a case study based on 

the existing Climaespaco facility, located in Lisboa, Portugal. Thermodynamic, exergy, economic, 

exergo-economic and environmental models were built in Engineering Equation Software (EES) 

and Matlab. Overall, both RDF and MSW were found to be technically feasible and economically 

viable for using as feedstocks in the polygeneration DHC system. SNG production integrated in 

the polygeneration DHC system through the air-steam gasification and gas upgrading equipment is 

judged to be practical and also boosts revenues. The highest energy efficiency is achieved for 

cases where char is the sole by-product. System efficiencies drop as other value-added products 

are included as system outputs, although the extent of the efficiency decline can be adjusted by 

regulating syngas and SNG production. The highest discounted net cash flows are found for the 

scenario where SNG, syngas and char are produced simultaneously. A payback period of 3 years 

was determined for this and the other cases. From the exergy and exergo-economic perspectives, 

the scenario of simultaneous char and syngas production is the most promising as the overall 

exergy efficiency has the highest value and product exergo-economic costs are the lowest. 

However, from the products diversity viewpoint, the simultaneous production of char, SNG, 

syngas and H2 is advantageous.  

Keywords: district heating and cooling systems, polygeneration, refuse derived fuel, municipal 

solid waste, gasification. 
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Resumo 

As redes urbanas tradicionais de frio e calor têm actualmente que lidar com dois desafios 

importantes: a eliminação progressiva dos combustíveis fósseis em favor das energias renováveis; 

e a instabilidade nos lucros devido à contínua diminuição das necessidades de aquecimento e 

arrefecimento, juntamente com as flutuações dos preços da electricidade. Estes obstáculos podem 

ser superados através da conversão destes sistemas de climatização tradicionais para sistemas 

modernos de poligeração que utilizem gaseificadores munidos de equipamentos para limpeza dos 

combustíveis gasosos sintéticos produzidos, o que poderá estimular o uso de matérias-primas 

renováveis, tais como combustíveis derivados de resíduos (CDR) e resíduos sólidos urbanos 

(RSU). Em particular, um sistema de poligeração será capaz de assegurar simultaneamente 

aquecimento, arrefecimento, energia eléctrica e, ainda, produtos de valor acrescentado, tais como 

carvão, gás de síntese, gás natural sintético (GNS) e hidrogénio. O presente trabalho estuda a 

conversão de redes urbanas tradicionais de frio e calor para sistemas de poligeração, usando como 

ponto de partida uma instalação existente (Climaespaço) numa zona urbana de Lisboa, Portugal. 

Inicialmente foram desenvolvidos vários modelos, nomeadamente um modelo termodinâmico, um 

modelo exergético, um modelo económico, um modelo exergo-económico e um modelo ambiental 

em EES (Engineering Equation Software) e Matlab. Em geral, verificou-se que é possível, quer 

técnica quer economicamente, a utilização de CDR e RSU como matérias-primas em sistemas de 

poligeração. A produção de GNS no sistema de poligeração através da gaseificação e respectivo 

equipamento auxiliar é possível, contribuindo assim para o aumento das receitas. O sistema de 

poligeração apresenta a maior eficiência no caso da produção de carvão como único subproduto. 

A eficiência do sistema diminui no caso da produção simultânea de outros produtos de valor 

acrescentado, apesar da extensão da queda poder ser ajustada através do controlo da produção de 

gás de síntese e GNS. O maior fluxo de caixa descontado foi encontrado para o cenário de 

produção simultânea de GNS, gás de síntese e carvão. Para este, e outros casos, determinou-se um 

período de retorno de capital de 3 anos. Do ponto de vista exergético e exergo-económico, o 

cenário de produção simultânea de carvão e gás de síntese é o mais promissor, dado que a 

eficiência exergética total tem o valor mais alto e os custos exergo-económicos do produto são os 

mais baixos. No entanto, do ponto de vista de diversidade de produtos, a produção simultânea de 

carvão, GNS, gás de síntese e hidrogénio é vantajosa. 

Palavras-chave: redes urbanas de frio e calor, poligeração, combustíveis derivados de 

resíduos, resíduos sólidos urbanos, gaseificação 
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Sammanfattning 

Traditionella fjärrvärmesystem (DH) och fjärrvärme- och fjärrkylningssystem (DHC) har två 

huvudsakliga utmaningar att bemöta: utfasning av fossila bränslen mot förnybara energikällor; och 

instabila lönsamhet kopplad till minskat behov för uppvärmning och kyla samt fluktuationer i 

elpriset. Dessa utmaningar kan åstadkommas samtidigt genom en uppgradering av sådana system 

mot ett energikombinat genom koppling av en luft-ånga förgasare och utrustning för 

gasuppgradering, som i sin tur möjliggör utnyttjande av förnybara råvaror som bearbetat avfall 

(RDF) och hushållsavfall (MSW). Rent konkret skulle ett energikombinat integrerad med DHC 

kunna simultant leverera värme, kyla, el och andra produkter – koks, syngas, syntetisk naturgas 

(SNG) och vätgas. Denna undersökning handlar om en fallstudieanalys av ett DHC-system 

uppgraderat till ett energikombinat, som är baserat på en existerande anläggning i Portugal. 

Termodynamiska, exergetiska, ekonomiska, exergo-ekonomiska och miljömässiga modeller 

byggdes i Engineering Equation Software (EES) och Matlab. Rent allmänt är både RDF och MSW 

tekniskt möjliga som råvaror i ett energikombinat. SNG-produktionen, som en integrerad del av 

processen och genom luft-ånga förgasning och gasuppgradering, bedöms vara praktisk och 

lönsam. De högsta verkningsgraderna nås då koks finns som ända produkt. 

Systemverkningsgrader sjunker när andra produkter finns med, men den negativa utvecklingen 

kan bromsas genom justeringar i syngas- och SNG-produktionen. De högsta diskonterade 

nettokassaflöden finns för scenariot där SNG, syngas och koks produceras simultant. En 

återbetalningstid på tre år identifieras för detta och andra fall. Från exergi och exergo-ekonomiska 

perspektiv är scenariot med simultant produktion av koks och syngas att föredra eftersom 

exergiverkningsgraden är högst och exergo-ekonomiska kostnader är lägst. Däremot har 

framställningen av koks, SNG, syngas och vätgas fördelar från ett diversifieringsperspektiv.  

Nyckelord: fjärrvärme- och fjärrkylningssystem, bearbetat avfall, hushållsavfall, förgasare, 

energikombinat 
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Chapter 1 

1 Introduction 

1.1 Motivation 

Greenhouse gas mitigation and security of energy supply are the primary driving forces behind the 

motivation to expand the renewables share in the energy mix. Even though major gains have been 

achieved during the past few decades, fossil fuels remain the dominant energy source: in 2014 the 

total world primary energy demand was 13700 Mtoe, with over 80% supplied by coal, oil, and 

natural gas [1]. Electricity markets have been showcases for renewables, largely owing to the 

significant cost reductions of solar photovoltaics and wind turbines and supplemented with 

government subsidies. Still, the majority of electric power generation involves thermal power 

plants including combined heat and power (CHP) or district heating and cooling (DHC) systems - 

90% of the annual worldwide supply [1]. CHP or/and DHC systems in turn have seen an increased 

share of renewables: biomass in the form of wood chips or municipal solid waste (MSW).  

A DHC (or DH) system is comprised of three basic units: a CHP plant, a distribution system, and 

various consumers (small households, multi-unit dwellings and office buildings, industries, etc.). 

The main aim of the DHC system is to ensure the thermal comfort for the final customers through 

heat and cold thermal energy supply. Commonly it is used in densely populated areas in countries 

located in temperate climate zones, although their application might be beneficial in locations with 

other climate types as well. In Europe district heating is mostly common in countries with the 

relatively cold winters, e.g. Czech Republic (total DH 40837 GWh/year), Denmark (36114 

GWh/year), Finland (47226 GWh/year), Germany (108620 GWh/year), Netherlands (31947 

GWh/year), Poland (102230 GWh/year), and Sweden (51393 GWh/year) [2]. District heating 

networks can also be found in the southern EU countries: Portugal (2500 GWh/year), Italy (5556 

GWh/year) [2] and Spain [3]. In Europe district cooling is primarily spread in countries with 

established district heating. Their annual supply or capacities are: Austria (75 MWh/year), Finland 

(204 MWh/year), France (669 MWh/year), Germany (153 MWh/year), Hungary (10 MWh/year), 

Italy (182 MWh/year), Norway (145 MWh/year), Poland (43 MWh/year) [4] and Portugal (29 

MW) [5]. 

A DHC system is regarded as a resource-efficient alternative to decentralized, small-scale heating 

and cooling production at the end-user site, particularly in urban settings where population growth 

is expected to continue rapidly in the coming decades. First of all, the DHC system facilitates the 

heating and cooling needs of the customer because all operation and maintenance are carried by 

the energy utility company. Secondly, negative environmental impacts can be minimized as it is 
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easier to control the efficiency of centralized thermal power sources along with the distribution 

system rather than monitoring the efficiency of a large number of units at the customer side. At the 

same time decentralized units tend to be less sophisticated and generally have low performance 

when compared to facilities within a DHC system, as they consist of less costly and lower 

efficient components.  

Regardless of these benefits, nowadays DHC systems have to address two principal challenges. 

Firstly, the majority of DHC systems largely rely on fossil fuels [1]. Secondly, their income is 

inclined to have high fluctuations both daily and annually due to two main reasons: overall heating 

and cooling demands are being reduced due to the combination of climate change and stricter 

building energy efficiency standards [6, 7]; and an increased share of renewable electricity 

generation results in added electricity price volatility. These problems may be addressed in part by 

including cooling networks if such do not exist, by augmenting the share of renewables in the 

DHC system, and by employing thermal energy storage. Alternatively, to overcome all problems 

at once the DHC system could be upgraded to enable polygeneration [8-9]. The polygeneration 

concept allows for the system to employ concurrently different energy sources – either fossil or 

renewable sources (biomass, geothermal, solar, etc.) – while simultaneously supplying a diversity 

of products. When the concept is applied to a DHC system, the modified system will generate 

other products in addition to the traditional heat, cold and electricity outputs, bringing extra profit 

to the system – the so-called value-added products (later referred also as sub-products or by-

products). At the same time, the system minimizes losses by improved thermal integration and 

ability to exploit low-grade heat [10-12]. Upgrading, or retrofitting, allows for already existing 

equipment to be utilized as much as possible, thus lowering the initial investment cost as 

compared to a greenfield facility. 

Among the different renewable resources available for a DHC system, refuse derived fuel (RDF) 

and municipal solid waste (MSW) are among the most promising ones. Here the term RDF stands 

for a variety of high calorific products derived from MSW processing, where solid waste with 

different compositions pass through the stages of shredding, size reduction, classification, 

separation, drying and densification [13]. Until recently the common practices for MSW 

utilization were landfilling and/or incineration. European Union legislation for waste management 

(Directives 2006/12/EC and 1999/31/EC of the European Parliament and of the Council) has taken 

action towards added energy recovery, so that RDF and MSW signify themselves as available and 

sustainable energy resources. Despite this potential, very few DHC systems actually utilize RDF 

and MSW. Studies for such feedstocks are lacking in the literature, although published work has 

considered other biomass resources: wood and wood derived feedstocks [9, 14-20], solid wastes 
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(including MSW) [21], agricultural residues [15, 22, 23], organic residues [15], aquatic biomass 

[15] or straw [15, 24]. 

Energy conversion technologies utilizing MSW or RDF feedstocks can be categorized into 

biochemical or thermochemical processes. Biochemical conversion includes anaerobic digestion, 

enzymatic hydrolysis, and fermentation. Such techniques are not easily adapted to heterogeneous 

feedstocks such as MSW; moreover, batch-mode operation is the most developed approach, which 

presents limitations to handle large amounts of these feedstocks even those of superior quality. 

Thermochemical conversion includes combustion, pyrolysis, gasification and direct liquefaction 

[25-30]. Combustion is the oldest and the most predominant method of solid fuel conversion [25-

28], although it cannot be applied to a DHC polygeneration system since no additional value-

added products (apart from heating, cooling and electricity) would be produced. In contrast to 

combustion, liquefaction produces combustible liquids, which can be further converted. However, 

liquefaction processes require the use of catalysts [25, 26, 28], which makes it a costly technology 

[31]. Both pyrolysis and gasification technologies transform solid fuels into liquids and/or gases, 

which might be used in power generation cycles or transformed into value-added products. Of 

these two approaches, gasification technology is deemed to have an advantage for MSW and RDF 

feedstocks. In this process the feedstock is transformed into combustible synthetic gas or syngas 

(CO2, CO, H2, CH4, hydrocarbons and other trace elements), liquids (tar) and solids (charcoal) at 

moderate to high temperatures (700-1400 
o
C) and at atmospheric or above-atmospheric pressure in 

the presence of oxidants (oxygen, air, steam or their combination) [26-29, 31]. In contrast to 

pyrolysis, whose main product is liquid or pyrolysis oil, gasification yields a syngas that can be 

utilized as a fuel for a gas turbine (GT), gas engine, or a boiler, or can be employed as a valuable 

chemical on its own. Moreover, the char that results from gasification is a useful sub-product: for 

example, Uson et al. [32] concluded that it might be used as a partial substitution of raw CaCO3 in 

cement production, while Hwang et al. [33] claimed the possibility to use the charcoal as fuel. 

Moreover, in contrast with pyrolysis, gasification is a well-established technology with several 

facilities in operation all over the world [34]. 

The use of gasification of MSW or RDF feedstocks in polygeneration DHC systems will allow 

obtaining important value-added products. Syngas and char could be retailed directly as finished 

products, despite their demand being unstable and unpredictable. To overcome this drawback, 

product assortment might be diversified. A number of products could be provided by 

polygeneration DHC systems: ethanol [11, 35] and other biofuels [15, 17, 22, 36, 37], chemicals 

(i.e., ammonia and olefins) [15], fertilizers [37], biogas [22] and synthetic natural gas (SNG) [15, 

20, 38, 39]. Among these products, synthetic natural gas (SNG) emerges as a relevant one in 
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polygeneration DHC systems. SNG is a mixture of combustible gases (CH4, H2, CO, and traces of 

CO2 and N2), with a methane content > 94%. It can be distributed directly to the existing 

networks, so there is no need for extra investment to the infrastructure [40]. This analysis points to 

the need for examining case studies with due consideration of local market conditions and to 

capture the details of a retrofit, as it is very difficult to study a generic polygeneration DHC 

system from engineering and investment viewpoints.  

1.2 Objectives  

The main objective of this work is to explore renewables-based polygeneration as an energy 

efficient and cost-effective enhancement of DHC systems. Fig. 1.1 presents a block diagram of the 

proposed polygeneration DHC system concept in this work. The original CHP unit was retrofitted 

with an integrated RDF- or MSW-fed air-steam gasifier and gas upgrading equipment (a SNG 

unit). After upgrading, the system can simultaneously produce several products (char, syngas, 

SNG and hydrogen), in addition to heating, cooling and electricity. An existing natural gas-fired 

DHC system located in Portugal has been chosen as a representative case for examining the 

proposed concept. 

 
Fig. 1.1. Proposed layout of the DHC polygeneration system.  

 

Within the defined scope, this study will pursue the following specific objectives: 

 To establish energy, exergy, economic, exergo-economic and environmental models of the 

polygeneration DHC system. This objective is addressed in Chapters 3-7, respectively. 

 To evaluate the possibility of the application of RDF and MSW as main feedstocks for the 

polygeneration DHC system (Paper I and V). This objective is addressed in sections 8.1 and 

8.5 of Chapter 8. 
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 To investigate the option of SNG production in the polygeneration DHC system through the 

air-steam gasification of RDF and subsequent gas upgrading (Paper II). This objective is 

addressed in section 8.2 of Chapter 8. 

 To examine from energy and economic perspectives (Paper III), exergy and exergo-economic 

perspectives (Paper IV) different sets of value-products: char only; syngas and char; char and 

SNG; char, syngas and SNG. This objective is addressed in sections 8.3 and 8.4 of Chapter 8, 

respectively. 

 To identify the key parameters that characterize the proposed system through a detailed 

parametric study (Paper I and II). This objective is addressed in sections 8.1 and 8.2 of 

Chapter 8. 

 To compare scenarios and select the most promising set of sub-products (Paper III-V). This 

objective is addressed in sections 8.3 to 8.5 of Chapter 8. Here scenarios (later referred as 

cases too) with various sets of value-added products (char, syngas, H2 and SNG) and different 

syngas and SNG production rates are considered.  

 To evaluate the impact of electricity, heating and cooling loads reduction on the 

polygeneration DHC system performance (Paper V). This objective is addressed in section 8.5 

of Chapter 8. 

 To access the effect of the value-added products variation throughout a year on the system 

performance (Paper III). This objective is addressed in section 8.3 of Chapter 8. 
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Chapter 2  

2 Methodology  

2.1 Principles 

To follow the objectives stated in the previous chapter five unified models were created:  

 thermodynamic (later referred as energy); 

 exergetic; 

 economic;  

 exergo-economic; 

 environmental.  

Initially the thermodynamic model was built. Cogeneration and trigeneration efficiencies are 

commonly used and crucial criteria for the system performance evaluation. The thermodynamic 

analysis considers as the system products only heating, cooling and electricity, neglecting thereby 

the value-added products. Moreover, all accounted streams are assigned equally without taking 

into account their quality. Thus, to overcome these drawbacks the system exergy model was 

created on the basis of the energy model. In the newly built model all systems product flows are 

accounted and assigned including material streams of value-added products. Equipment, units (see 

chapter 4) and system exergetic efficiencies and irreversibilities were estimated. Here 

irreversibility not only locates inefficiency but also considers input and outputs exergy streams 

qualities. Both the thermodynamic and exergy analyses are essential, but still not sufficient for a 

thorough system evaluation. To start with, they help to identify where the system inefficiencies 

occur and what causes them. In addition both analyses help to establish possible measures for the 

system performance improvement [41]. However, the success of the polygeneration concept in 

practical applications strictly depends on the economical capability of the upgraded system. 

Hence, the economic model was established. As indicators for the economics evaluation 

discounted net cash flows and payback period were assessed. Both parameters help to identify the 

attractiveness of the investment. The economic evaluation was complemented with the exergo-

economic assessment to determine the exergetic costs of each product. These two analyses help to 

estimate the required total investment and the purchased equipment costs of the most important 

plant components, highlighting the cost of inefficiencies and identifying measures for the cost 

effectiveness improvement [41]. Finally, to estimate the impact of the system emissions an 

environmental model was created. Here avoided carbon emissions and emission factors were 

assigned for different scenarios of value-added products. 
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The modeling work was followed by a parametric study of key thermodynamic and economic 

indicators in order to identify those for the most desirable system performance and to determine 

trends and optima with respect to these parameters and system configurations. The initial model of 

the polygeneration DHC system was built in Engineering Equation Software (EES). Subsequent 

models were established in Matlab© to handle the large number of variables considered in the 

exergetic and the other advanced modeling approaches, and to enable more flexibility in choosing 

the polygeneration DHC system configurations. Models of the gasifier and the SNG production 

units were validated with experimental data, whereas modeling results for the overall 

polygeneration DHC system (in particular efficiencies) were compared with the operational data 

of the actual DHC system. The e!sankey® software was applied to draw Grossman diagrams of 

exergy flows distribution. 

2.2 Input data  

The DHC system located in Oriente suburb, Lisboa, Portugal (Climaespaco LLP) was selected as 

a case study for the system model. Fig. 2.1 shows the Climaespaco system, including photographs 

and a sketch of the whole system. 

 

 
Fig. 2.1. Climaespaco system [42].  

 

The system consists of a trigeneration CHP unit, heating and cooling distribution networks and 

sub-stations. The unit capacities in electricity, heating and cooling are 5, 29 and 35 MW, 

respectively. The plant main components are a gas turbine (GT), a generator, a heat recovery 

steam generator (HRSG), an auxiliary steam generator, absorption and compression chillers, a 

water storage tank for chilled cold water, a steam to water heat exchanger (WSt HEX) for hot 

water supply, water-treatment units, pumps, etc. The trigeneration unit operates on natural gas. 

The DHC distribution system includes a 60 km long water cooling/heating network of supply and 

return pipelines located in galleries. The heating network regime is 368.15/348.15 K; while the 
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cooling regime is 278.65/288.65 K. Sub-stations are installed at various consumer types, including 

residential (households) and non-residential (offices, an exhibition center, a sports arena, a 

shopping center, hotels, a hospital). As a basis for the models’ conception, equipment parameters 

and district heating and cooling loads were obtained for 2012 [5]. 

The RDF and MSW characteristics are other crucial inputs for the system models. According to 

Caputo et al. [43] the RDF specifications depend on the production line scheme and their original 

MSW source. Thus, in order to avoid RDF characteristics mismatching and, additionally, to 

validate the gasification model, it was decided to introduce the specifications used for the 

gasification experiments [44]. Table 2.1 presents the RDF properties. Table 2.2 presents the 

characteristics of the MSW [45]. Note that the polygeneration DHC system model is able to 

handle any composition of biomass-derived fuels.  

 
Table 2.1 Proximate and ultimate analysis of RDF. 

Parameter Value 

Proximate analysis (wt.%, dry basis) 

Volatile matter 79.7 

Fixed carbon 6.8 

Ash 13.5 

Ultimate analysis (wt.%, dry basis) 

C 48.8 

H 7.8 

N 0.7 

S 0.0 

O 29.2 

 
Table 2.2 Proximate and ultimate analysis of MSW. 

Parameter 
Value 

Paper Plastics Textiles Wood Food wastes Yard wastes 

Proximate analysis (wt.%, dry basis) 

Volatile matter 75.94 95.80 66.00 75.05 20.26 26.74 

Fixed carbon 8.44 2.00 6.50 12.41 3.26 6.32 

Ash 6.0 10.0 2.4 0.6 16.0 13.0 

Ultimate analysis (wt.%, dry basis) 

C 43.41 60.0 55.0 49.4 44.99 40.31 

H 5.82 7.2 6.6 6.1 6.43 5.64 

O 44.32 22.8 31.2 43.7 28.76 39.0 

N 0.25 0 4.6 0.1 3.3 2.0 
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Chapter 3 

3 Thermodynamic model 

3.1 General model description and assumptions 

Fig. 3.1 represents the layout of the polygeneration DHC system. The system is comprised of three 

parts: the gasification unit responsible for the syngas production; the power unit accountable for 

the electricity, steam, cooling and heating production; and the SNG production unit. RDF or MSW 

enters the gasification unit at the reference environment conditions: Tref = 298.15 K and Pref =101.3 

kPa. In the gasifier the fuel is converted into synthetic gas, char and ash at a pressure Pgas = 300 

kPa and the following operational parameters (unless specified otherwise): gasification 

temperature Tgas = 1173 K, air equivalence ratio ER = 0.03, and steam to carbon molar ratio S/C = 

2.2. Downstream in the cyclone, the syngas is partially cleaned from char, while the ash is 

removed completely in the gasifier. Subsequently, in the gasifier heat exchanger (HEX), the 

syngas is cooled down to 303.15 K, so that all water is condensed. The waste heat diverted from 

the hot gas flow is recovered for district heating. In the last part of the gasification unit, in the 

Venturi scrubber, char is separated from the syngas stream and is then separated into three parts. 

One part enters the power unit. It is compressed in the compressor and combusted in a gas turbine 

(GT) for electricity production. A second part comes to the SNG production unit for being 

converted into SNG. The amount of syngas used in this unit is calculated as a proportion (%) of 

the syngas consumed in the GT (here referred to as a SNG production rate or ratio of the syngas 

produced for the SNG unit to that consumed in the GT, RatioSGtoSNG, RSNG, RSG to SNG, or 

RatioSNG). Finally, the third part of syngas is sold as a value-added product along with char. 

Analogously to the SNG, the quantity of syngas for selling is computed as a proportion (%) of the 

syngas consumed in the GT (here referred to as a syngas production rate or ratio of the syngas 

produced for sale, RatioSGtosell or Rsell or RSG to sell or Ratiosell).  

In the power unit, on leaving the GT the exhaust gas flow is fed into a heat recovery steam 

generator (HRSG), where the thermal potential of the GT combustion products is used to produce 

steam. Afterwards, the steam flow is divided into four parts. Two streams leave the unit; one to the 

gasifier, and another to the SNG production unit, where it is used in the CO2 units I, II, III, in the 

CO&H2 unit, and in the water-gas shift (WGS) unit. 
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Fig. 3.1. Polygeneration DHC system schematic. 
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The remaining two parts of steam are consumed in the power unit itself; one is brought to the 

water-steam heat exchanger (WSt HEX) for the heat load supply (if needed), and the other flow 

goes to an absorption chiller for the cold load supply. Note that the cooling supply through the 

absorption chiller depends on the steam availability. A compression chiller covers the rest of cold 

load production.  

In the SNG unit, the syngas is first cleaned from CO2 and N2 in the CO2 units I, II and N2 unit I to 

guarantee the direct WGS reaction. Then, preheated and purified syngas enters the WGS unit 

where its composition is modified, while in the methanation compressor the syngas pressure is 

increased up to 3000 kPa to ensure the direct methanation reaction. Next, the syngas is 

transformed into SNG in the methanation (MET) unit. This product is not yet ready for injection 

into the NG distribution networks. Firstly, its impurity levels must be adjusted to the acceptable 

NG average contaminant level [40]. For that the average composition of the NG in the Magreb 

pipeline (Algeria – Portugal) [46] was used as a reference. To meet the limits of the impurities the 

gas is cleaned from char in the Venturi scrubber, and purified from CO2, CO, H2 and N2 in the 

CO2 unit III, CO&H2 unit and N2 unit II, respectively. The waste heat recovered from the CO2 

units I, II, III, WGS and MET units is exploited for the heat load supply. 

To model the polygeneration system the following general assumptions were introduced: 

 The system operates daily in quasi-steady state mode.  

 Where applicable, the part-load performance of a component is assumed to be proportional to 

the prevailing mass and energy balance. 

 All thermochemical equipment (the gasifier, the WGS reactor and the methanation reactor) 

are considered in equilibrium. Increases in the syngas and/or SNG productions rates do not 

have an impact on the equilibrium or primary directions of reactions.  

 Heating and cooling loads vary daily only. 

 Heat and cold demands from customers are met completely (unless specified otherwise).  

 Electricity may be exported and imported to/from the grid without limitation.  

 Syngas, SNG, char and hydrogen production is limited solely by the system capability in the 

steam generation in the HRSG. Whatever amounts are produced, they can be sold in the 

market.  

 Only the following equipment are considered for surplus heat recovery: the gasifier HEX in 

the gasification unit, and several units in the SNG production unit.  

 Priority for the heat load supply is given to the surplus heat exploitation. The remaining has to 

be covered by the operation of the WSt HEX.  
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 The main CHP electricity consumers are compressors, Venturi scrubbers and the compression 

chiller. Other needs represent 2% of the gas turbine load [5]. 

 The reference environment temperature and pressure are 298.15 K and 101.3 kPa, 

respectively [47]. 

 All gases are ideal. 

Furthermore, it is assumed that the heating and cooling supplies might be varied (if specified) 

proportionally to the nominal daily loads [48] between 0 and 100%. Here zero implies that no 

thermal energy is delivered to customers, while 100% means that no reduction in heating or 

cooling supply occurs. Moreover, it is considered that both heat and cold demands might be 

changed at the same time. Simultaneously, the GT load, LGT, might be varied in the interval 25%-

100% of the full load with increments of 25%. 

The thermodynamic parameters for the reference parameters were obtained from relevant sources 

[49-51], and the isobaric heat capacities for substances were calculated using specific expressions, 

which are provided in Appendix I [52].  

In accordance with Berman et al. [53] and Mehmood et al. [54], the specific heat capacities of the 

ash components (kJ·kg
-1

·K
-1

) can be calculated through the equation:  

𝑐𝑝 = 𝐵𝑜 − 𝐵1𝑇−0,5 − 𝐵2 𝑇−2 + 𝐵3𝑇−3  (3.1) 

The coefficients for this equation are provided in Table A.1 (Appendix II). 

The aggregated ash specific heat capacity can be determined through:  

 𝑐𝑝 𝐴𝑆𝐻 =
∑ 𝑥𝑗×𝑐𝑝 𝑗

𝑀𝐴𝑆𝐻
   (3.2) 

The isobaric heat capacity of the char for the temperature interval 298.15 K-2000 K is calculated 

through [55]: 

𝑐𝑝𝑐ℎ𝑎𝑟(𝑇)/(𝑅 ∙ 𝑀𝐶) = 1.771 + 0.771
𝑇

1000
−

0.867×105

𝑇2
   (3.3) 

Finally, the heat capacity of the RDF and MSW (J·kg
-1

·K
-1

) is determined through [56]:  

𝑐𝑝 𝑏𝑖𝑜𝑚 = 5.340𝑇 −  299  (3.4) 
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3.2 Gasification unit  

In addition to the assumptions introduced in the previous section, the following assumptions were 

introduced to model the gasification unit: 

 The gasifier minimal syngas production is adequate for the complete GT supply.  

 Ash consists of three components: SiO2, CaO and K2O; each substance has an equivalent 

molar ratio in ash. 

 Char consists of pure carbon [57, 58]; tar yield is neglected (this issue is discussed in a later 

section). 

The syngas at the exit of the gasifier needs to be purified from the particulate matter, mainly char, 

(ash is removed in the gasifier itself), and cooled prior entering in the compressor.  

Particles can be removed from the syngas stream with the aid of a cyclone, electrostatic filter or 

solvent scrubber [25, 59]. For the first stage of the syngas cleaning a conventional cyclone was 

chosen since it is the most commonly employed technology with lower energy requirements [59]. 

It removes the majority of the char particles – around 90% [59]. For the second stage of the 

cleaning a Venturi (wet) scrubber was chosen for the removal of the fine particles since it is 

simple and effective [59]. Yet wet scrubbers operate at low temperatures, below 120 
o
C. 

Therefore, the syngas after the cyclone is chilled in the gasifier heat exchanger.  

 

Gasifier 

The mechanism of biomass gasification is complex and includes several stages: drying, pyrolysis 

(or thermal decomposition), partial combustion of gases, liquids, and char, and gasification itself. 

In the first step, the feed is dried so that excessive moisture is evaporated prior to entering into the 

pyrolysis stage. In the second stage the biomass is heated in the absence of air or oxygen at a 

specific temperature, named the pyrolysis temperature. In such an environment the larger biomass 

molecules break down to smaller molecules: non-condensable gases (CO, CH4, H2 and CO2), 

liquids (tar, heavy hydrocarbons, water) and solids (char and carbon). The final product 

composition varies in accordance with the process parameters, the initial biomass characteristics 

and the reactor design. Nevertheless, the char and liquids have a major share in the products yield. 

The pyrolysis stage is succeeded by the gasification itself. During gasification, in the presence of 

the gasifying agent (oxygen, air, steam and CO2), numerous reactions take place among the non-

condensable gases, char and the agent. The gasifying medium has a critical impact on the 

composition of the syngas, and its heating value. If oxygen is supplied, the gas produced will have 

a high content of CO, and a heating value between 12 and 28 MJ·Nm
-3

 (excluding the energy 



 
 

14 

penalty attributed to the oxygen separation from the air). If pure air is used instead of oxygen, the 

syngas will be diluted with nitrogen, and its heating value decreases to 4-7 MJ·Nm
-3

. If steam is 

used, the syngas will have a higher content of H2 and a heating value between 10 and 18 MJ·Nm
-3

. 

The gasifying medium cannot ensure the stability of the gasification process. Most of the reactions 

in the gasifier are endothermic. Therefore, to keep the required temperature regime, the gasifier 

has to be continuously heated either through indirect reactor heating or through partial combustion 

of the syngas or char. Then, the air/oxygen are supplied to the reactor in amounts slightly higher 

than the stoichiometric value for air/oxygen gasification, and lower than the stoichiometric value 

for steam gasification [25, 29]. In this work, air-steam gasification is selected. Employing steam as 

the gasifying agent will guarantee a high hydrogen content in syngas, which is desirable for the 

SNG unit, while the low amount of air (for the partial combustion) will ensure the direct 

gasification reactions. 

Gasification can be simulated using four types of models: thermodynamic equilibrium 

(stoichiometric and non-stoichiometric), kinetic, computational fluid dynamics and artificial 

neural networks models [25, 60]. The stoichiometric thermodynamic equilibrium model is the 

most advantageous, particularly when paired with the system analysis. This model is capable of 

simulating the gasification process regardless of the reactor configuration, allowing for a 

reasonable accuracy in the prediction of the maximum product yield and composition. However, 

this modeling approach tends to underestimate the CH4 content [25, 61].  

For the model establishment the predominant species that participate in the process and the 

reaction mechanism have to be defined [25, 60]. Desrosiers [62] and Prins et al. [63] stated that 

for gasification temperatures between 600 K and 1500 K, CO2, CO, H2, CH4, H2O and char are the 

only species that exist with concentration higher than 10
-4

 mol.%. Moreover, in addition to the 

assumptions indicated above, the following assumptions were considered [63, 64]: 

 Isobaric (3 bar) and isothermal conditions within the gasifier volume. 

 Reaction routes and intermediate reactions are neglected. 

 Reactions occur with sufficient residence time to ensure equilibrium. 

Taking into account all assumptions the global gasification reaction is as follows [25]: 

CH𝑎O𝑏N𝑓 + (𝑑 + 𝑙) ∙ H2O + 𝑦 ∙ (O2 + 3.76N2)

⇌ 𝑥𝐶𝑂CO + 𝑥𝐶𝑂2
CO2 + 𝑥𝐻2𝑂H2O + 𝑥𝐻2

H2 + 𝑥𝐶𝐻4
CH4 + 𝑥𝐶C + 𝑥𝑁2

N2 
(3.5) 

where a, b, f and d, l, y are determined as follows: 

𝑎 = (𝐻 ∙ 𝑀𝐶)/(𝐶 ∙ 𝑀𝐻) (3.6) 

𝑏 = (𝑂 ∙ 𝑀𝐶)/(𝐶 ∙ 𝑀𝑂) (3.7) 
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𝑓 = (𝑁 ∙ 𝑀𝐶)/(𝐶 ∙ 𝑀𝑁) (3.8) 

𝑙 = (𝑀𝐶 ∙ 𝑀𝑏𝑖𝑜𝑚)/((1 − 𝑀𝐶) ∙ 𝑀𝐻2𝑂) (3.9) 

𝑑 = (𝑚𝑠𝑡 𝑔𝑎𝑠 ∙ 𝑀𝑏𝑖𝑜𝑚)/(𝑚𝑏𝑖𝑜𝑚 ∙ 𝑀𝐻2𝑂)  (3.10) 

𝑦 = (𝑚𝑎𝑖𝑟 ∙ 𝑀𝑏𝑖𝑜𝑚)/(𝑚𝑏𝑖𝑜𝑚 ∙ 𝑀𝑎𝑖𝑟) (3.11) 

Moreover, according to Materazzi et al. [65] RDF is typically gasified at temperatures between 

1073 and 1173 K. In this temperature range the most common reactions are the following [25]: 

 Boudouard reaction: 

C + CO2 ⇌ 2CO (3.12) 

 Water-gas or steam reaction: 

C + H2O ⇌ CO + H2 (3.13) 

 Methanation: 

C + 2H2 ⇌ CH4 (3.14) 

Reactions (3.12) and (3.13) could be combined to form the shift reaction [63, 66]: 

CO + H2O ⇌ CO2 + H2 (3.15) 

When the reaction mechanism is defined and the species present in the gasifier are assigned, the 

equilibrium constants need to be derived. For reaction (3.14) the equilibrium constant is calculated 

from equations (3.16) and (3.17) [66]: 

𝐾1  =  
𝑥𝐶𝐻4

𝑥𝐻2
2  (3.16) 

ln 𝐾1  =  
7082.848

𝑇
+ (−6.567) ln 𝑇 +

7.466 × 10−3

2
 ∙ 𝑇 +

−2.164 × 10−6

6
 ∙ 𝑇2

+
0.701 × 10−5

2 (𝑇)2
+ 32.541  

(3.17) 

and for reaction (3.17) from equations (3.18) and (3.19) [61, 67]: 

𝐾2  =  
𝑥𝐻2 ∙𝑥𝐶𝑂2

𝑥𝐻2𝑂∙𝑥𝐶𝑂
  (3.18) 

𝐾2  =  𝑒(
4276

𝑇
−3.961)  (3.19) 

The mass and energy balances of the gasifier are written as: 

𝑚𝑏𝑖𝑜𝑚 + 𝑚𝐻2𝑂 𝑔𝑎𝑠 + 𝑚𝑎𝑖𝑟 𝑔𝑎𝑠 = 𝑚𝑠𝑦𝑛 𝑔𝑎𝑠 + 𝑚𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 + 𝑚𝐴𝑆𝐻 𝑔𝑎𝑠 (3.20) 

𝐿𝐻𝑉𝑏𝑖𝑜𝑚 ∙ 𝑚𝑏𝑖𝑜𝑚 + 𝑄𝑏𝑖𝑜𝑚 + 𝑄𝐻2𝑂 𝑔𝑎𝑠 + 𝑄𝑎𝑖𝑟 𝑔𝑎𝑠 

= 𝐿𝐻𝑉𝑠𝑦𝑛 ∙ 𝑚𝑠𝑦𝑛 + 𝑄𝑠𝑦𝑛 𝑔𝑎𝑠 + 𝑄𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 + 𝑄𝑔𝑎𝑠 + 𝑄𝑎𝑠ℎ 𝑔𝑎𝑠 + 𝑄𝑙𝑜𝑠𝑠 
(3.21) 
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A more detailed description of the thermodynamic model for the gasifier is provided in Appendix 

III. 

Cyclone 

All equipment in the gasification unit, with the exception of the gasifier, was modeled based on 

the existing equipment parameters – Table 3.1 includes the used data.  

 
Table 3.1. Parameters of the equipment of the gasification unit. 

 

 

 

 

 

 

 

 

 

 

 

As mentioned earlier, the cyclone is the first stage of the syngas purification, after the gasifier, 

where the syngas is cleaned from particles larger than 5 µm [59]. The mass and energy balances of 

the cyclone can be written as follows: 

𝑚𝑠𝑦𝑛 𝑔𝑎𝑠 = 𝑚𝑠𝑦𝑛 𝑐𝑦𝑐𝑙 + 𝑚𝑐ℎ𝑎𝑟 𝑐𝑦𝑐𝑙 (3.22) 

𝑚𝑠𝑦𝑛 𝑔𝑎𝑠 ∙ ∑ 𝜔 𝑔𝑎𝑠 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇
𝑇𝑔𝑎𝑠

𝑇𝑟𝑒𝑓𝑗

= 𝑚𝑠𝑦𝑛 𝑐𝑦𝑐𝑙 ∙ ∑ 𝜔 𝑐𝑦𝑐𝑙 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇
𝑇𝑐𝑦𝑐𝑙

𝑇𝑟𝑒𝑓𝑗
+ 𝑚𝑐ℎ𝑎𝑟 𝑐𝑦𝑐𝑙 ∙

∙ ∫ 𝑐𝑝 𝑐ℎ𝑎𝑟(𝑇)𝑑𝑇 + 𝑞
𝑙𝑜𝑠𝑠

𝑇𝑐𝑦𝑐𝑙 

𝑇𝑟𝑒𝑓

 

(3.23) 

where 𝜔 𝑐𝑦𝑐𝑙 𝑗 for each syngas component is determined from molar and mass balances. 

 

Gasifier heat exchanger 

In the gasifier HEX the syngas flow is cooled down to the inlet temperature of the Venturi 

scrubber. If the gas temperature is lower than the saturation temperature, all water from the syngas 

stream condenses and leaves the heat exchanger. At the same time the surplus heat from the 

Parameter Value Reference 

Conventional cyclone 

Collection efficiency 90% [59] 

Pressure drop  10 kPa [59] 

Temperature drop  10 K [-] 

Gas-water heat exchangers  

Efficiency 90% [68] 

Pressure drop  0.5 kPa [68] 

Venturi scrubber 

Collection efficiency 100% [69] 

Working temperature  313.15 K
 
 [69] 

Pressure drop  0.5 kPa [69] 

Electricity consumption  7 kWh per 1000 m
3
 [70] 

Water consumption  20 m³/h [70] 
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syngas is used to heat the chilled water from the return heating network pipeline. The mass and 

energy balances of the gasifier HEX can be written as:  

𝑚𝑠𝑦𝑛 𝑐𝑦𝑐𝑙 = 𝑚𝑠𝑦𝑛 𝑔𝑎𝑠 ℎ𝑒𝑥 + 𝑚𝑐𝑜𝑛𝑑 𝑔𝑎𝑠 ℎ𝑒𝑥 (3.24) 

𝑚𝑠𝑦𝑛 𝑐𝑦𝑐𝑙 ∑ 𝜔𝑐𝑦𝑐𝑙 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇
𝑇𝑐𝑦𝑐𝑙

𝑇𝑟𝑒𝑓𝑗

= 𝑚𝑠𝑦𝑛 𝑔𝑎𝑠 ℎ𝑒𝑥 ∑ 𝜔 𝑔𝑎𝑠 ℎ𝑒𝑥 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇
𝑇𝑔𝑎𝑠 ℎ𝑒𝑥

𝑇𝑟𝑒𝑓𝑗
+ 𝑚𝑐𝑜𝑛𝑑 𝑔𝑎𝑠 ℎ𝑒𝑥

∙ ∫ 𝑑ℎ(𝑇)
𝑇𝑔𝑎𝑠 ℎ𝑒𝑥 

𝑇𝑟𝑒𝑓

+ 𝑄ℎ𝑒𝑎𝑡 𝑔𝑎𝑠 ℎ𝑒𝑥  + 𝑄𝑙𝑜𝑠𝑠 

(3.25) 

where 𝜔 𝑔𝑎𝑠 ℎ𝑒𝑥 𝑗 for each syngas component is determined from molar and mass balances. Table 

3.1 lists some parameters of this equipment. 

 

Venturi scrubber 

In the Venturi scrubber the syngas passes through the last stage of purification where the fine 

particles are removed. The mass and energy balances of the scrubber can be written as: 

𝑚𝑠𝑦𝑛 𝑔𝑎𝑠 ℎ𝑒𝑥 = 𝑚𝑠𝑦𝑛 𝑠𝑐𝑟 + 𝑚𝑐ℎ𝑎𝑟 𝑠𝑐𝑟  (3.26) 

𝑚𝑠𝑦𝑛 𝑔𝑎𝑠 ℎ𝑒𝑥 ∙ ∑ 𝜔𝑔𝑎𝑠 ℎ𝑒𝑥 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇

𝑇𝑔𝑎𝑠 ℎ𝑒𝑥

𝑇𝑟𝑒𝑓

+ 𝑊𝑠𝑐𝑟
𝑗

= 𝑚𝑠𝑦𝑛 𝑠𝑐𝑟 ∙ ∑ 𝜔𝑠𝑐𝑟 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇

𝑇𝑠𝑐𝑟

𝑇𝑟𝑒𝑓𝑗

+ 𝑚𝑐ℎ𝑎𝑟 𝑠𝑐𝑟 ∙ ∫ 𝑐𝑝 𝑐ℎ𝑎𝑟(𝑇)𝑑𝑇 + 𝑄
𝑙𝑜𝑠𝑠

𝑇𝑠𝑐𝑟 

𝑇𝑟𝑒𝑓

 

(3.27) 

where 𝜔 𝑠𝑐𝑟 𝑗 for each syngas component is determined from molar and mass balances. Table 3.1 

lists some parameters of this equipment. 
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3.3 Power unit 

In addition to the assumptions presented in sections 3.1 and 3.2 of Chapter 3, the assumptions 

below were considered: 

 GT works in the full load regime (unless specified otherwise).  

 Condensate returns only from the WSt HEX and the absorption chiller. Condensate losses are 

to be compensated by the feed water inflow.  

 There are no steam losses in the WSt HEX and in the absorption chiller. 

 The HRSG exploits the exhaust gases potential according to the real internal system demand. 

If the thermal potential available is greater than that required, the exhaust gases are diverted 

prior to the HRSG inlet.  

 Priority to the cold load supply is set to the absorption chiller. The compression chiller 

provides the remaining cold load supply. 

The power unit configuration is similar to that of the case study, and the unit modeled based on 

the existing equipment’s parameters, which are given in Table 3.2.  

 
Table 3.2. Parameters of the equipment of the power unit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compressor 

In the compressor the syngas pressure is elevated up to 4000 kPa. Polytropic compression is 

assumed for all operational conditions, and the total compressor efficiency is defined as: 

𝜂𝑐𝑜𝑚 = 𝜂𝑝𝑜𝑙 ∙ 𝜂𝑚𝑒𝑐 (3.28) 

Parameter Value Reference 

Compressor 

Polytropic efficiency  0.8 [71] 

Mechanic efficiency 0.97 [72] 

GT 

Exhaust temperature 783.15 K [73] 

Engine efficiency  31.5% [73] 

Output power  5670 kWe [73] 

Air-to-fuel ratio 30 [74-76] 

HRSG 

Steam pressure  1000 kPa [5] 

Steam temperature  473.15 K  [5] 

Efficiency  67% [5] 

Gases outlet temperature  421.95 K  [5] 

Absorption chiller  

COP 1.12 [5] 

Compression chiller 

COP 5.25 [5] 

Water-steam heat exchanger  

Efficiency 98% [79] 
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and the electrical power required by the compressor calculated through: 

𝑊𝑐𝑜𝑚 =
𝑚𝑠𝑦𝑛 ∙ 𝐻𝑝

𝑀𝑠𝑦𝑛 ∙ 𝜂𝑐𝑜𝑚
 (3.29) 

A more detailed description of the compressor model is provided in Appendix III. 

 

Gas turbine 

Currently GT producers are developing new prototypes for operation with syngas as a fuel. During 

this transition period, Sanchez et al. [80] noted that it is a reasonable assumption to work with 

commercially available GTs fueled with NG, provided that an adjustment of the syngas flow is 

made to account for the differences in the their heating values. The required syngas mass flow can 

be calculated from: 

𝑚𝑠𝑦𝑛 𝐺𝑇 =  
𝑊𝐺𝑇

𝜂𝐺𝑇 ∙ 𝐿𝐻𝑉𝑠𝑦𝑛
 (3.30) 

The composition of the exhaust gases depends on various factors, including the air to fuel ratio, 

combustor configuration, temperature distribution in the gas turbine, the gas turbine working 

regimes and others. For simplification it is here considered that: 

 Emissions of CO, CH4, and NOx are assumed to be similar to those obtained from NG: CO = 

12 ppm, CH4 = 1 ppm, NO = 62 ppm, and NOx
 
=

 
73 ppm [5]. 

 Nitrogen oxides (NOx) represent NO + NO2. 

 The air composition is 79% of nitrogen and 21% oxygen, being the air humidity neglected.  

The exhaust gases composition results from the combustion of 1 mol of syngas as follows: 

(𝑥𝐶𝑂CO + 𝑥𝐶𝑂2
CO2 + 𝑥𝐻2𝑂H2O + 𝑥𝐻2

H2 +  𝑥𝐶𝐻4
CH4 + 𝑥𝑁2

N2 + 𝛿 (𝑥𝑂2
O2 + 𝑥𝑁2

N2)

= 𝑥𝐶𝑂
/

CO +  𝑥𝐶𝑂2

/
CO2 + 𝑥𝐶𝐻4

/
CH4 + 𝑥𝐻2

/
H2 + 𝑥𝐻2𝑂

/
H2O + 𝑥𝑁2

/
N2 +  𝑥𝑁𝑂2

/
NO2

+ 𝑥𝑁𝑂
/

NO + 𝑥𝑂2

/
O2 + 𝑥𝐻2

/
H2 

 

(3.31) 

where the molar air to fuel ratio is computed through: 

 𝛿 = (𝜉 ∙ 𝑀𝑠𝑦𝑛)/𝑀𝑎𝑖𝑟 (3.32) 

The expressions for the mole fractions of the exhaust gases components are given in Appendix III. 

The overall mass balance for the GT inflows and outflows can be written: 

 𝑚𝑒𝑥ℎ 𝐺𝑇 = 𝑚𝑠𝑦𝑛 𝐺𝑇 + 𝑚𝑎𝑖𝑟 𝐺𝑇 (3.33) 
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Heat recovery steam generator 

The heat recovery steam generator (HRSG) water circuit operates at a constant pressure. The 

circuit inflow consists of the condensate and the feed water; the mass balance can be written as: 

𝑚𝑆𝑡 𝐻𝑅𝑆𝐺 = 𝑚𝑐𝑜𝑛𝑑 𝑊𝑆𝑡 𝐻𝐸𝑋 + 𝑚𝑐𝑜𝑛𝑑 𝑎𝑏 + 𝑚𝑓𝑤 (3.34) 

It is considered that the condensate comes to the equipment at a temperature 2 K lower than the 

saturation temperature for the steam pressure PSt = 1000 kPa [5]. At the same time, the feed water 

influx is at the reference temperature and pressure. In the gas circuit the exhaust gases enter the 

HRSG at the atmospheric pressure and at the GT outlet temperature, 𝑇 𝐺𝑇 𝑒𝑥ℎ. The HRSG outlet 

temperature, 𝑇 𝐻𝑅𝑆𝐺 𝑒𝑥ℎ (Table 3.2) is defined to prevent the condensation of corrosive impurities 

from the exhaust gases. The overall HRSG energy balance can be written as follows: 

(𝑚𝑐𝑜𝑛𝑑 𝑊𝑆𝑡 𝐻𝐸𝑋 + 𝑚𝑐𝑜𝑛𝑑 𝑎𝑏) ∙ (ℎ𝑃𝑆𝑡,𝑇𝑆𝑡
− ℎ𝑃𝑆𝑡,𝑇𝑐𝑜𝑛𝑑

) + 𝑚𝑓𝑤 ∙ (ℎ𝑃𝑆𝑡,𝑇𝑆𝑡
− ℎ𝑃𝑟𝑒𝑓,𝑇𝑟𝑒𝑓

)

= 𝑚𝑒𝑥ℎ 𝐻𝑅𝑆𝐺 ∙ ∑ 𝜔𝑒𝑥ℎ 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇

𝑇 𝐺𝑇 𝑒𝑥ℎ

𝑇 𝐻𝑅𝑆𝐺 𝑒𝑥ℎ
𝑗

+ 𝑄𝑙𝑜𝑠𝑠 
(3.35) 

where 𝜔𝑒𝑥ℎ 𝑗 is determined from the GT exhaust gases molar and mass balances. 

 

Adsorption and compression chillers 

It is assumed that both chillers operate under nominal conditions. Performance does not vary with 

the amount of cooling supplied. The chilled water enters the equipment at the temperature in the 

return pipeline (288.15 K), and then cools down to 278.15 K [5]. The water and steam losses are 

neglected in this study. The cold load produced in each unit is given by: 

𝑄𝑐𝑜𝑙𝑑 𝑎𝑏 = 𝑚𝑆𝑡 𝑎𝑏 ∙ (ℎ𝑃𝑆𝑡,𝑇𝑆𝑡
− ℎ𝑃𝑆𝑡,𝑇𝑐𝑜𝑛𝑑

) ∙ 𝐶𝑂𝑃𝑎𝑏 (3.36) 

𝑄𝑐𝑜𝑙𝑑 𝑐𝑜𝑚𝑝 = 𝐶𝑂𝑃𝑐𝑜𝑚𝑝 ∙ 𝑊𝑐ℎ𝑖𝑙𝑙 (3.37) 

 

WSt heat exchanger 

Similarly to the chillers, the water-steam heat exchanger (WSt HEX) capability does not vary with 

the heating supplied. The cold water from the hot water return pipeline enters the heat exchanger 

at a temperature of 348.15 K, being then heated up by the steam, in the direct pipeline, up to 

368.15 K [5]. The water and steam losses are neglected in this study. The heat thermal energy 

produced in the unit is given by: 

𝑄ℎ𝑒𝑎𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋 = 𝜂𝑊𝑆𝑡 𝐻𝐸𝑋 ∙ 𝑚𝑆𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋 ∙ (ℎ𝑃𝑆𝑡,𝑇𝑆𝑡
− ℎ𝑃𝑆𝑡,𝑇𝑐𝑜𝑛𝑑

) (3.38) 
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3.4 SNG production unit  

The SNG production unit is divided into three steps. In the first step (conditioning), the syngas 

from the Venturi scrubber is cleaned from CO2 and N2 to guarantee the direct occurrence of the 

WGS reaction. It comprises three units: CO2 units I and II, and a N2 unit I. In the second step 

(methanation), the syngas conversion to SNG takes place. Purified syngas is preheated to ensure 

the thermodynamic equilibrium in the WGS unit. Afterwards, the H2 and CO contents are 

modified, being the syngas compressed up to 3000 kPa to guarantee the direct methanation 

reaction. In the last step (upgrading), the SNG impurities are removed in order to conform with the 

standards for the Magreb NG distribution pipeline [46]. Table 3.3 lists the typical natural gas 

composition in the Magrebe pipeline. Additionally, the maximal levels of CO, H2, CO2 and N2 

were set up in accordance with [40]: 0.001, 2, 2.5 and 1 mol.%, respectively. The upgrading part 

includes four units: a CO2 unit III, a Venturi scrubber, a CO&H2 unit, and a N2 unit II. 

 
Table 3.3. Typical natural gas composition in the Magreb pipeline [46]. 

Component Value, 

mol.% 

Methane 87.9 

Ethane 8.9 

Propane  1.4 

i-Butane  0.1 

n-Butane 0.4 

i-Pentane 0.02 

n-Pentane 0.02 

n- Hexane 0.02 

Nitrogen 1.09 

CO2 1.27 

 

To design the CO2 units, the N2 units and the CO&H2 unit, the “rule of thumb” modeling approach 

was applied [81]. Equipment parameters for these units and the Venturi scrubber were taken from 

commercially available prototypes. Table 3.4 lists these parameters. 

To model the syngas conversion to SNG (WGS and MET units) the equilibrium approach was 

adopted. This assumption is justified in case of abundant catalyst content in the units [87] and was 

confirmed experimentally [88]. The transformation process was assumed to occur in two reactors 

through two stages separately [89]: water-shift and methanation reactors.  
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Table 3.4. Parameters of the equipment of the SNG production unit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CO2 units I, II, III. 

The CO2 content can be adjusted using several methods: mass or heat transfer, absorption, 

adsorption or membrane separation. CO2 might be removed from the stream through the reforming 

reaction with CH4. However, this method causes a reduction in the methane content, therefore it 

was not applied in the polygeneration DHC system. Alternatively, the syngas could be compressed 

and cooled down to the dew point of CO2. Such processes are energy intensive and costly, and 

thus were also disregarded in this study. Membrane separation is another method that presents a 

number of benefits compared to the others, such as low energy consumption, process simplicity, 

and wide commercial application. With this method the removal of 4% of CO2 from the gas flux 

requires an inlet stream pressure higher that 10 bar [85]. Consequently, the application of this 

technology may lead to high internal electricity consumption, so it was considered unsuitable for 

the integration in the SNG production unit. Adsorption of the gas impurities on a solid sorbent 

might be an interesting alternative for gas scrubbing, as it presents low energy requirements. 

However, the feed gas pressure needs to be higher than 20 bar [85], while the CO2 concentration 

in the feed should be 35%-40% [82]. Therefore, similarly to the membrane separation, adsorption 

processes are not suitable for this study. The remaining candidate, absorption, was identified as 

the most favorable process for syngas purification and CO2 removal. In this method, the gas 

stream is stripped from CO2 while passing through layers of solvent (monoethanolamine, MEA 

[82]) packed in the absorber column. Absorption is favored for low-pressure gas streams featuring 

Parameter Value Reference 

CO2 unit I, II, III 

Technology Chemical absorption [82] 

Removal efficiency  90% [83] 

Energy consumption 3.8 GJ/ton CO2 [84] 

Heat of absorption  85 kJ/mol CO2 [81]  

Pressure drop  26 kPa  [83] 

N2 unit I, II 

Technology Adsorption on organic metal complexes [85] 

Efficiency 99% [85] 

Pressure drop 5 kPa - 

Temperature drop 2 K - 

CO&H2 removal unit  

Technology Cryogenic distillation [81] 

Efficiency  97% [86] 

Energy consumption 18751 kJ/kg  [87] 

Venturi scrubber 

Collection efficiency 100% [76] 

Working temperature  303.15 K [76] 

Pressure drop  0.5 kPa [76] 

Electricity consumption  7 kWh per 1000 m
3
 [70] 

Water consumption  5 m³/h [70] 
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low CO2 levels and demanding high purity standards. The main drawbacks of the MEA absorption 

process are: 

 High corrosion (especially for solutions with high acidic gas content, side reactions with 

carbonyl sulfate and carbon disulfide), which might be prevented by the careful selection 

of materials. 

 High energy demand for the stripping due to the relatively high CO2 heat of reaction, 

which could be partially reduced by the internal heat recovery.  

 Vaporization losses, which might be minimized through sophisticated designs [81]. 

To model the CO2 units I, II and III, the following assumptions were considered: 

 The syngas enters the units with a temperature 2 K lower than the upstream unit. 

 The absorber works isothermally. 

 The CO2 and the treated syngas have an outlet temperature equal to the temperature of the 

unpurified syngas flow. 

 The steam from the HRSG provides the energy required for the CO2 desorption. 

 There are no steam or CO2 losses. 

 The heat exchanger for the heat regeneration from the CO2 absorber has similar 

characteristics to those of the water-syngas heat exchanger.  

Table 3.4 lists the equipment parameters used in this study. The mass and energy balances of the 

units can be written as (see also Appendix III): 

𝑚𝑠𝑦𝑛 𝐶𝑂2 𝑖𝑛+𝑚𝑆𝑡 𝐶𝑂2 =  𝑚𝑠𝑦𝑛 𝐶𝑂2 𝑜𝑢𝑡 + 𝑚𝐶𝑂2 +𝑚𝑐𝑜𝑛𝑑 𝐶𝑂2   (3.39) 

𝑄𝑠𝑦𝑛 𝐶𝑂2 𝑖𝑛 + 𝑄𝑆𝑡 𝐶𝑂2
=  𝑄𝑠𝑦𝑛 𝑜𝑢𝑡 + 𝑄𝐶𝑂2

+ 𝑄ℎ𝑒𝑎𝑡 𝐶𝑂2
+ 𝑄𝑐𝑜𝑛𝑑 𝐶𝑂2

+ 𝑄𝑙𝑜𝑠𝑠 (3.40) 

 

N2 units I, II. 

Nitrogen might be removed from the gas by means of cryogenic distillation, pressure swing, lean 

oil absorption and adsorption [85]. Cryogenic distillation does not have high selectivity, and CH4 

is often removed, resulting in a significant reduction in its content from the gas flow [85, 90]. 

Pressure swing is energy intensive, while after lean oil absorption, the purified gas might contain 

oil impurities. Additionally, this method also has high selectivity to methane [85]. In contrast, the 

cleaning of nitrogen by means of adsorption is not widely used, since the majority of the solvents 

can also adsorb methane. However, a few substances have a greater selectivity towards nitrogen 

such as organic metal complexes like bi-, tri- or tetra-dentate ligands. The most suitable organic 

metal complexes (OMC) could be (bis)tricyclohexylphosphine molybdenum tricarbonyl in a 

toluene solution since it could capture around 0.12 mol of N2/mL of solution at 1979 kPa [85]. 
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Moreover, the sorption material itself is unaffected by impurities. The flue gas should have a 

temperature between 273.15 and 473.15 K, with 0.1% to 80% of nitrogen in it, for pressures 

between 1.4 and 137.9 bar [91]. Recent economic studies concluded that N2 removal with organic 

metal complexes might be competitive in relation to the conventional methods as cryogenic 

distillation [85]. The following assumptions were considered in the units modeling: 

 The operational pressure of the absorption is equal to the outlet pressure after the CO2 

separation stage; pressure losses in the connecting pipes are neglected. 

 The OMC sorbent allows adsorbing 0.1 molN2/molOMC. 

 The electricity consumption by the unit is neglected. 

Table 3.4 lists the equipment parameters used in this study. The mass and energy balances of the 

units can be written as (see also Appendix III): 

𝑚𝑠𝑦𝑛 𝑁2 𝑖𝑛+𝑚𝑆𝑡 𝑁2 =  𝑚𝑠𝑦𝑛 𝑁2 𝑜𝑢𝑡 + 𝑚𝑁2
+𝑚𝑐𝑜𝑛𝑑 𝑁2   (3.41) 

𝑄𝑠𝑦𝑛 𝑁2 𝑖𝑛 + 𝑄𝑆𝑡 𝑁2
=  𝑄𝑠𝑦𝑛 𝑁2 𝑜𝑢𝑡 + 𝑄𝑁2 + 𝑄𝑐𝑜𝑛𝑑 𝑁2

+ 𝑄𝑙𝑜𝑠𝑠 (3.42) 

 

WGS unit 

In the water-gas shift (WGS) unit, the syngas composition is adjusted to a ratio H2/CO ≥ 3 through 

the WGS reaction: 

CO + H2O ⇌ CO2 + H2, ∆𝐻𝑅
0  =  −41 kJ/mol  (3.43) 

This reaction occurs exothermically on the surface of iron oxide catalysts with high speed so that 

any side reactions might be eliminated. In addition, to guarantee the presence of the required water 

concentration, the steam must be supplied to the WGS reactor slight in excess. If the ratio H2/CO 

is already higher than that required, the syngas might by-pass the reactor.  

The equilibrium constant for reaction (3.43) is expressed as follows: 

𝐾𝑒𝑞 𝑊𝐺𝑆  =  
𝑥𝐻2

∙ 𝑥𝐶𝑂2

𝑥𝐻2𝑂 ∙ 𝑥𝐶𝑂
 (3.44) 

𝐾𝑒𝑞 𝑊𝐺𝑆 = 𝑒
(−

∆𝐺𝑇 𝑟 𝑊𝐺𝑆
𝑅∙𝑇𝑒𝑞 𝑊𝐺𝑆

)
 (3.45) 

For a given condition (inputs/products mixture, reactor pressure) the equilibrium is reached when 

the Gibbs energy change its sign from negative to positive and vice-versa. The equilibrium 

temperature for the WGS reaction is calculated as follows: 

𝑇𝑒𝑞 𝑊𝐺𝑆 = ∆𝐻𝑇 𝑟 𝑊𝐺𝑆/ ∆𝑠𝑇 𝑟 𝑊𝐺𝑆 (3.46) 
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where ∆𝐻𝑇 𝑟 𝑊𝐺𝑆 is computed in a similar way as the heat of the gasification reaction in (A.30). In 

addition, ∆𝑠𝑇 𝑟 𝑊𝐺𝑆 is derived as follows: 

∆𝑠𝑇 𝑟 𝑊𝐺𝑆 = ∆𝑠298 𝑟 𝑊𝐺𝑆 + ∑ ∫ 𝑥𝑜𝑢𝑡

𝑇

298

∙ 𝑐𝑝 𝑜𝑢𝑡(𝑇)𝑑𝑡𝑇 − ∑ ∫ 𝑥𝑖𝑛

𝑇

298

∙ 𝑐𝑝 𝑖𝑛(𝑇)𝑑𝑡𝑇 (3.47) 

To design the unit the following assumptions were introduced: 

 The reactor is perfectly mixed, consequently there are no diffusion limitations for the 

reaction. 

 The catalysis is heterogeneous.  

 The reactor is isothermal.  

 The mixture of reagents along with the reaction products is equimolar. 

 The pressure is uniform within the reactor.  

 There is no pressure drop in the unit. 

 Steam for the WGS reaction is supplied in 10% excess. 

 The heat losses are estimated to be 5% [92]. 

 The syngas temperature at the unit outlet is equal to the inlet temperature of the 

unconverted gas. 

The unit mass and energy balances of the unit can be written as (see also Appendix III): 

𝑚𝑠𝑦𝑛 𝑁2 +𝑚𝑆𝑡 𝑊𝐺𝑆 =  𝑚𝑠𝑦𝑛 𝑊𝐺𝑆 +  𝑚𝑐𝑜𝑛𝑑 𝑊𝐺𝑆 (3.48) 

𝑄𝑠𝑦𝑛 𝑁2 + 𝑄𝑆𝑡 𝑊𝐺𝑆 + 𝑄𝑝𝑟𝑒 ℎ𝑒𝑎𝑡 𝑊𝐺𝑆 =  𝑄𝑠𝑦𝑛 𝑊𝐺𝑆 + 𝑄ℎ𝑒𝑎𝑡 𝑊𝐺𝑆 + 𝑄𝑐𝑜𝑛𝑑 𝑊𝐺𝑆 + 𝑄𝑙𝑜𝑠𝑠 (3.49) 

 

MET compressor 

The model of the MET compressor is similar to the model of the GT compressor, and detailed 

descriptions are provided in section 3.2 and Appendix III. The outlet pressure of the methanation 

compressor is 3000 kPa.  

 

MET unit 

In the MET unit, the syngas is converted in the methanation reactor through reactions (3.50) and 

(3.51) over the nickel catalyst surface: 

CO +  3H2 ⇌ CH4 + H2O, ∆HR
0  =  −206 kJ/mol (3.50) 

2CO ⇌ CO2 + C, ∆HR
0  =  −172 kJ/mol (3.51) 

The equilibrium constant for (3.50) is given by [93]: 
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𝐾𝑒𝑞 𝑀𝐸𝑇  =  
𝑥𝐶𝐻4∙𝑥𝐻2𝑂

𝑥𝐶𝑂 ∙ 𝑥𝐻2
3 ∙ (

𝑃𝑀𝐸𝑇

𝑃𝑟𝑒𝑓
)2

 
(3.52) 

𝑙𝑛(𝐾𝑒𝑞 𝑀𝐸𝑇)  =  −29.3014 +
26248.4

𝑇
 (3.53) 

The side reactions could be neglected since the H2/CO ratio is controlled to be over 3. 

For the MET unit modeling the following assumptions were considered: 

 The catalysis is heterogeneous.  

 The reactor is isothermal to prevent carbon deposition. 

 The mixture of reagents along with the reaction products is equimolar. 

 The pressure is uniform within the reactor.  

 The working pressure is 3000 kPa. 

 There is no gas leakage. 

 The heat losses are estimated to be 5% [92]; 

 The unreacted CO is 1%. 

The unit mass and energy balances can be written as (see also Appendix III): 

𝑚𝑠𝑦𝑛 𝑊𝐺𝑆 =  𝑚𝑠𝑦𝑛 𝑀𝐸𝑇 + 𝑚𝑐𝑜𝑛𝑑 𝑀𝐸𝑇  (3.54) 

𝑄𝑠𝑦𝑛 𝑀𝐸𝑇 𝐶𝑂𝑀 =  𝑄𝑠𝑦𝑛 𝑀𝐸𝑇 + 𝑄ℎ𝑒𝑎𝑡 𝑀𝐸𝑇 + 𝑄𝑐𝑜𝑛𝑑 𝑀𝐸𝑇 + 𝑄𝑙𝑜𝑠𝑠 (3.55) 

 

Venturi scrubber 

The mass and energy balances of the Venturi scrubber are as follows:  

𝑚𝑆𝑁𝐺 𝑀𝐸𝑇 = 𝑚𝑆𝑁𝐺 𝑠𝑐𝑟 + 𝑚𝑐ℎ𝑎𝑟 𝑆𝑁𝐺 𝑠𝑐𝑟  (3.56) 

𝑄𝑆𝑁𝐺 𝑀𝐸𝑇 + 𝑊𝑆𝑁𝐺 𝑠𝑐𝑟

= 𝑚𝑆𝑁𝐺 𝑠𝑐𝑟 ∑ 𝜔𝑠𝑐𝑟 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇

𝑇𝑆𝑁𝐺 𝑠𝑐𝑟

𝑇𝑟𝑒𝑓
𝑗

+ 𝑚𝑐ℎ𝑎𝑟 𝑆𝑁𝐺 𝑠𝑐𝑟 ∙ ∫ 𝑐𝑝 𝑐ℎ𝑎𝑟(𝑇)𝑑𝑇 + 𝑄
𝑙𝑜𝑠𝑠

𝑇𝑆𝑁𝐺 𝑠𝑐𝑟 

𝑇𝑟𝑒𝑓

 
(3.57) 

where 𝜔 𝑠𝑐𝑟 𝑗 for each syngas component is determined from molar and mass balances. 

 

CO&H2 unit 

Carbon monoxide could be removed from the SNG stream via absorption, adsorption, cryogenic 

distillation or chemical processes (shift conversion, carbon dioxide removal or methanation) [81]. 

In this study, the cryogenic distillation method was selected since the other techniques 

(absorption, adsorption, and chemical processes) might cause changes in the SNG composition 
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and are often applied for the mass (bulk) cleaning of the flue gas. Moreover, cryogenic distillation 

equipment can purify the gas flow simultaneously from H2 as well [81].  

The following assumptions are considered in the modeling of the CO&H2 unit: 

 The unit modeling is based on the thumb approach. 

 The working pressure is 28.3 bar. 

 The power required is supplied by the steam (60%) and electricity (40%).  

 There are no gas losses through the leakage or the ventilation. 

 The pressure and temperature drops/losses within the unit are neglected.  

The mass and energy balance of units can be written as follows (see also Appendix III): 

𝑚𝑆𝑁𝐺 𝐶𝑂2 + 𝑚𝑆𝑡 𝐶𝑂&𝐻2 = 𝑚𝑆𝑁𝐺 𝐶𝑂&𝐻2
+ 𝑚𝐻2

+𝑚𝐶𝑂 + 𝑚𝑐𝑜𝑛𝑑 𝐶𝑂&𝐻2   (3.58) 

𝑄𝑆𝑁𝐺 𝐶𝑂2
+ 𝑄𝑆𝑡 𝐶𝑂&𝐻2 + 𝑊𝐶𝑂&𝐻2 =  𝑄𝑆𝑁𝐺 𝐶𝑂&𝐻2

+ 𝑄𝐻2 + 𝑄𝐶𝑂 + 𝑄𝑐𝑜𝑛𝑑 𝐶𝑂&𝐻2 + 𝑄𝑙𝑜𝑠𝑠 (3.59) 

Table 3.4 lists the equipment parameters used in this study. 
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3.5 Overall system  

As criteria for the system evaluation, cogeneration and trigeneration efficiencies were applied and 

defined as:  

𝜂𝑐𝑜𝑔  =  
𝑊𝑡𝑜𝑡 + 𝑄ℎ𝑒𝑎𝑡 𝑡𝑜𝑡

𝑚𝑏𝑖𝑜𝑚 ∙ 𝐿𝐻𝑉𝑏𝑖𝑜𝑚
 (3.60) 

𝜂𝑡𝑟𝑖𝑔  =  
𝑊𝑡𝑜𝑡 + 𝑄ℎ𝑒𝑎𝑡 𝑡𝑜𝑡 + 𝑄𝑐𝑜𝑙𝑑 𝑡𝑜𝑡

𝑚𝑏𝑖𝑜𝑚 ∙ 𝐿𝐻𝑉𝑏𝑖𝑜𝑚
 (3.61) 

where the heat and cold loads are computed through the following expressions: 

𝑄ℎ𝑒𝑎𝑡 𝑡𝑜𝑡  =  𝑄ℎ𝑒𝑎𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋 + (𝑄ℎ𝑒𝑎𝑡 𝑔𝑎𝑠 ℎ𝑒𝑥 + 𝑄ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑠𝑢𝑚) ∙ (1 − 𝑈𝑤ℎ) (3.62) 

𝑄ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑠𝑢𝑚 = 𝑄ℎ𝑒𝑎𝑡 𝐶𝑂2 + 𝑄ℎ𝑒𝑎𝑡 𝑊𝐺𝑆 + 𝑄ℎ𝑒𝑎𝑡 𝑀𝐸𝑇 − 𝑄𝑝𝑟𝑒 ℎ𝑒𝑎𝑡 𝑊𝐺𝑆   (3.63) 

𝑈𝑤ℎ = 1 − (𝑄ℎ𝑒𝑎𝑡 𝑔𝑎𝑠 ℎ𝑒𝑥 𝑐𝑜𝑛𝑠 + 𝑄ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑠𝑢𝑚 𝑐𝑜𝑛𝑠)/(𝑄ℎ𝑒𝑎𝑡 𝑔𝑎𝑠 ℎ𝑒𝑥 𝑎𝑣 + 𝑄ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑠𝑢𝑚 𝑎𝑣) (3.64) 

𝑄𝑐𝑜𝑙𝑑 𝑡𝑜𝑡 = 𝑄𝑐𝑜𝑙𝑑 𝑐𝑜𝑚𝑝 + 𝑄𝑐𝑜𝑙𝑑 𝑎𝑏 (3.65) 

The electricity output can be calculated from the following equation: 

𝑊𝑡𝑜𝑡 = 𝑊𝐺𝑇 − 0.02 ∙ 𝑊𝐺𝑇 − 𝑊𝑐𝑜𝑚 − 𝑊𝑐ℎ𝑖𝑙𝑙 − 𝑊𝑠𝑐𝑟 − 𝑊𝑆𝑁𝐺 𝑠𝑐𝑟 − 𝑊𝐶𝑂&𝐻2 (3.66) 

Additionally, to assess the thermal potential of the exhaust gases utilization, the excess coefficient 

of exhaust gases was calculated. Firstly, the absolute steam generation capacity at a given 

RatioSGtosell and RatioSGtoSNG is calculated assuming that no exhaust gases are diverted prior 

to the HRSG inlet: 

𝑚𝑆𝑡 𝐻𝑅𝑆𝐺 𝑚𝑎𝑥

= [𝑚𝑒𝑥ℎ 𝐺𝑇 ∙ (ℎ𝑃𝑒𝑥ℎ,𝑇𝐻𝑅𝑆𝐺𝑖𝑛
− ℎ𝑃𝑠𝑡𝑒𝑎𝑚,𝑇𝐻𝑅𝑆𝐺𝑜𝑢𝑡

) ∙ 𝜂𝐻𝑅𝑆𝐺

− 𝑚𝑓𝑤 (ℎ𝑃𝑆𝑡,𝑇𝑆𝑡
− ℎ𝑃𝑟𝑒𝑓,𝑇𝑟𝑒𝑓

)]/(ℎ𝑃𝑆𝑡,𝑇𝑆𝑡
− ℎ𝑃𝑆𝑡,𝑇𝑐𝑜𝑛𝑑

) + 𝑚𝑓𝑤 

(3.67) 

The real steam production is computed as: 

𝑚𝑆𝑡 𝐻𝑅𝑆𝐺 = 𝑚𝑆𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋 + 𝑚𝑆𝑡 𝑎𝑏 + 𝑚𝑓𝑤 (3.68) 

and the feed water flow is calculated from: 

𝑚𝑓𝑤 = 𝑚𝑆𝑡 𝑔𝑎𝑠 + 𝑚𝑆𝑡 𝐶𝑂2 𝐼 + 𝑚𝑆𝑡 𝐶𝑂2 𝐼𝐼 +𝑚𝑆𝑡 𝐶𝑂2 𝐼𝐼𝐼 + 𝑚𝑆𝑡 𝑁2 +𝑚𝑆𝑡 𝑊𝐺𝑆 +𝑚𝑆𝑡 𝑀𝐸𝑇  (3.69) 

Then the excess coefficient of exhaust gases is determined as: 

𝑈𝑒𝑥ℎ 𝐺𝑇

=
𝑚𝑐𝑜𝑛𝑑 𝐻𝑅𝑆𝐺 ∙ (ℎ𝑃𝑆𝑡,𝑇𝑆𝑡

− ℎ𝑃𝑆𝑡,𝑇𝑐𝑜𝑛𝑑
) + 𝑚𝑓𝑤 ∙ (ℎ𝑃𝑆𝑡,𝑇𝑆𝑡

− ℎ𝑃𝑟𝑒𝑓,𝑇𝑟𝑒𝑓
)

(𝑚𝑆𝑡 𝐻𝑅𝑆𝐺 𝑚𝑎𝑥 − 𝑚𝑓𝑤) ∙ (ℎ𝑃𝑆𝑡,𝑇𝑆𝑡
− ℎ𝑃𝑆𝑡,𝑇𝑐𝑜𝑛𝑑

) + 𝑚𝑓𝑤 ∙ (ℎ𝑃𝑆𝑡,𝑇𝑆𝑡
− ℎ𝑃𝑟𝑒𝑓,𝑇𝑟𝑒𝑓

)
100% 

(3.70) 
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Correspondingly, the mass flow of exhaust gases that is not diverted prior to the HRSG inlet is 

calculated as follows: 

𝑚𝑒𝑥ℎ 𝐻𝑅𝑆𝐺 = (1 − 𝑈𝑒𝑥ℎ 𝐺𝑇) ∙ 𝑚𝑒𝑥ℎ 𝐺𝑇  (3.71) 

To evaluate the performance of the WSt HEX, the unit stand-by days was introduced. The days 

when 𝑄ℎ𝑒𝑎𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋 = 0 (heat exchanger is out of operation) are counted.  
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Chapter 4 

4 Exergy model 

For the exergy system model the following assumptions are considered [47, 94]: 

 Only physical and chemical exergy components of exergy are taken into account, the kinetic 

and potential exergy components are ignored.  

 The system is in quasi-equilibrium. 

 The reference environment parameters are 298.15 K and 101.3 kPa. 

 The reference parameters are constant throughout the system operation. 

The exergy balances for each unit and the overall system are listed in Table 4.1. 

 
Table 4.1. Exergy balances. 

Item Balance 

Gasification unit  

Gasifier 𝐸𝑏𝑖𝑜𝑚 + 𝐸𝑆𝑡 𝑔𝑎𝑠 + 𝐸𝑎𝑖𝑟 𝑔𝑎𝑠  =  𝐸𝑠𝑦𝑛 𝑔𝑎𝑠 + 𝐸𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 + 𝐸𝐴𝑆𝐻 + 𝐼𝑅 (4.1) 

Cyclone 𝐸𝑠𝑦𝑛 𝑔𝑎𝑠  =  𝐸𝑠𝑦𝑛 𝑐𝑦𝑐𝑙 + 𝐸𝑐ℎ𝑎𝑟 𝑐𝑦𝑐𝑙 + 𝐼𝑅 (4.2) 

Gasification 

HEX 
𝐸𝑠𝑦𝑛 𝑐𝑦𝑐𝑙  =  𝐸𝑠𝑦𝑛 𝑔𝑎𝑠 ℎ𝑒𝑥 + 𝐸𝑐𝑜𝑛𝑑 𝑔𝑎𝑠 ℎ𝑒𝑥 + 𝐸ℎ𝑒𝑎𝑡 𝑔𝑎𝑠 ℎ𝑒𝑥 + 𝐼𝑅 (4.3) 

Venturi 

scrubber 
𝐸𝑠𝑦𝑛 𝑔𝑎𝑠 ℎ𝑒𝑥 + 𝑊𝑠𝑐𝑟 =  𝐸𝑠𝑦𝑛 𝑠𝑐𝑟 + 𝐸𝑐ℎ𝑎𝑟 𝑠𝑐𝑟 + 𝐼𝑅 (4.4) 

Entire unit  

𝐸𝑏𝑖𝑜𝑚 + 𝐸𝑆𝑡 𝑔𝑎𝑠 + 𝑊𝑠𝑐𝑟 =  𝐸𝑠𝑦𝑛 𝑠𝑐𝑟 + 𝐸ℎ𝑒𝑎𝑡 𝑔𝑎𝑠 ℎ𝑒𝑥 + 𝐸𝑐𝑜𝑛𝑑 𝑔𝑎𝑠 ℎ𝑒𝑥 + 𝐸𝐴𝑆𝐻 +

𝐸𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 𝑠𝑢𝑚 + 𝐼𝑅  
(4.5) 

𝐸𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 𝑠𝑢𝑚 = 𝐸𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 + 𝐸𝑐ℎ𝑎𝑟 𝑐𝑦𝑐𝑙 + 𝐸𝑐ℎ𝑎𝑟 𝑠𝑐𝑟  (4.6) 

𝐸𝑠𝑦𝑛 𝑠𝑐𝑟 = 𝐸𝑠𝑦𝑛 𝐺𝑇 + 𝐸𝑠𝑦𝑛 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + 𝐸𝑠𝑦𝑛 𝑠𝑒𝑙𝑙 (4.7) 

Power unit  

Compressor  𝐸𝑠𝑦𝑛 𝐺𝑇 + 𝑊𝑐𝑜𝑚 = 𝐸𝑠𝑦𝑛 𝑐𝑜𝑚 + 𝐼𝑅 (4.8) 

GT 𝐸𝑠𝑦𝑛 𝑐𝑜𝑚 + 𝐸𝑎𝑖𝑟 𝐺𝑇 = 𝑊𝐺𝑇 + 𝐸𝑒𝑥ℎ 𝐺𝑇 + 𝐼𝑅 (4.9) 

HRSG 𝐸𝑒𝑥ℎ 𝐻𝑅𝑆𝐺 𝑖𝑛 + 𝐸𝑓𝑤 + 𝐸𝑐𝑜𝑛𝑑 𝐻𝑅𝑆𝐺 = 𝐸𝑒𝑥ℎ 𝐻𝑅𝑆𝐺 𝑜𝑢𝑡 + 𝐸𝑆𝑡 𝐻𝑅𝑆𝐺 + 𝐼𝑅 (4.10) 

WSt HEX 𝐸𝑆𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋 = 𝐸ℎ𝑒𝑎𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋 + 𝐸𝑐𝑜𝑛𝑑 𝑊𝑆𝑡 𝐻𝐸𝑋 + 𝐼𝑅 (4.11) 

Absorption 

chiller  
𝐸𝑆𝑡 𝑎𝑏 = 𝐸𝑐𝑜𝑙𝑑 𝑎𝑏 + 𝐸𝑐𝑜𝑛𝑑 𝑎𝑏 + 𝐼𝑅 (4.12) 

Compression 

chiller 
𝑊𝑐ℎ𝑖𝑙𝑙 = 𝐸𝑐𝑜𝑙𝑑 𝑐𝑜𝑚𝑝 + 𝐼𝑅 (4.13) 

Entire unit 

𝐸𝑠𝑦𝑛 𝐺𝑇 + 𝐸𝑎𝑖𝑟 𝐺𝑇 + 𝐸𝑓𝑤 = 𝑊𝑝𝑜𝑤𝑒𝑟 𝑢𝑛𝑖𝑡 + 𝐸𝑐𝑜𝑙𝑑 𝑡𝑜𝑡 + 𝐸𝑒𝑥ℎ 𝑡𝑜𝑡 +

𝐸 𝑆𝑡 𝑝𝑜𝑤𝑒𝑟 𝑢𝑛𝑖𝑡 + 𝐸ℎ𝑒𝑎𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋 +  𝐼𝑅  
(4.14) 

𝑊𝑝𝑜𝑤𝑒𝑟 𝑢𝑛𝑖𝑡 = 𝑊𝐺𝑇 − 𝑊𝑐𝑜𝑚 − 𝑊𝑐ℎ𝑖𝑙𝑙  
(4.15) 

𝐸𝑐𝑜𝑙𝑑 𝑡𝑜𝑡 = 𝐸𝑐𝑜𝑙𝑑 𝑎𝑏 + 𝐸𝑐𝑜𝑙𝑑 𝑐𝑜𝑚𝑝 (4.16) 

𝐸𝑒𝑥ℎ 𝑡𝑜𝑡 = 𝐸𝑒𝑥ℎ 𝐺𝑇 − (𝐸𝑒𝑥ℎ 𝐻𝑅𝑆𝐺 𝑖𝑛 − 𝐸𝑒𝑥ℎ 𝐻𝑅𝑆𝐺 𝑜𝑢𝑡) (4.17) 

𝐸 𝑆𝑡 𝑝𝑜𝑤𝑒𝑟 𝑢𝑛𝑖𝑡 = 𝐸𝑆𝑡 𝐻𝑅𝑆𝐺 − 𝐸𝑆𝑡 𝑎𝑏 − 𝐸𝑆𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋 (4.18) 
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Table 4.1. Exergy balances (cont.). 

Item Balance 

SNG production unit  

CO2 unit I 𝐸𝑠𝑦𝑛 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + 𝐸 𝑆𝑡 𝐶𝑂2 𝐼 = 𝐸𝑠𝑦𝑛 𝐶𝑂2 𝐼 + 𝐸 𝐶𝑂2 𝐼 + 𝐸 ℎ𝑒𝑎𝑡 𝐶𝑂2 𝐼 + 𝐼𝑅 (4.19) 

CO2 unit II 𝐸𝑠𝑦𝑛 𝐶𝑂2 𝐼 + 𝐸 𝑆𝑡 𝐶𝑂2 𝐼𝐼 = 𝐸𝑠𝑦𝑛 𝐶𝑂2 𝐼𝐼 + 𝐸 𝐶𝑂2 𝐼𝐼 + 𝐸 ℎ𝑒𝑎𝑡 𝐶𝑂2 𝐼𝐼 + 𝐼𝑅 (4.20) 

N2 unit II 𝐸𝑠𝑦𝑛 𝐶𝑂2 𝐼𝐼 + 𝐸 𝑆𝑡 𝑁2 𝐼 = 𝐸𝑠𝑦𝑛 𝑁2 𝐼 + 𝐼𝑅 (4.21) 

WGS unit 𝐸𝑠𝑦𝑛 𝑁2 𝐼 + 𝐸 𝑆𝑡 𝑊𝐺𝑆 + 𝐸 𝑝𝑟𝑒 ℎ𝑒𝑎𝑡 𝑊𝐺𝑆

= 𝐸𝑠𝑦𝑛 𝑊𝐺𝑆 + 𝐸 ℎ𝑒𝑎𝑡 𝑊𝐺𝑆 + 𝐸 𝑐𝑜𝑛𝑑 𝑊𝐺𝑆 + 𝐼𝑅 
(4.22) 

MET 

compressor 
𝐸𝑠𝑦𝑛 𝑊𝐺𝑆 + 𝑊𝑀𝐸𝑇 𝐶𝑂𝑀 = 𝐸𝑠𝑦𝑛 𝑀𝐸𝑇 𝐶𝑂𝑀 + 𝐼𝑅 (4.23) 

MET unit 𝐸𝑠𝑦𝑛 𝑀𝐸𝑇 𝐶𝑂𝑀 = 𝐸𝑆𝑁𝐺 𝑀𝐸𝑇 + 𝐸 ℎ𝑒𝑎𝑡 𝑀𝐸𝑇 + 𝐸 𝑐𝑜𝑛𝑑 𝑀𝐸𝑇 + 𝐼𝑅 (4.24) 

Venturi 

scrubber 
𝐸𝑆𝑁𝐺 𝑀𝐸𝑇 + 𝑊𝑠𝑐𝑟 𝑆𝑁𝐺 𝑢𝑛𝑖𝑡 =  𝐸𝑆𝑁𝐺 𝑠𝑐𝑟 + 𝐸𝑐ℎ𝑎𝑟 𝑠𝑐𝑟 𝑆𝑁𝐺 𝑢𝑛𝑖𝑡 + 𝐼𝑅 (4.25) 

CO2 unit III 𝐸𝑆𝑁𝐺 𝑠𝑐𝑟 + 𝐸 𝑆𝑡 𝐶𝑂2 𝐼𝐼𝐼 = 𝐸𝑆𝑁𝐺 𝐶𝑂2 𝐼𝐼𝐼 + 𝐸 𝐶𝑂2 𝐼𝐼𝐼 + 𝐸 ℎ𝑒𝑎𝑡 𝐶𝑂2 𝐼𝐼𝐼 + 𝐼𝑅 (4.26) 

N2 unit II 𝐸𝑆𝑁𝐺 𝐶𝑂2 𝐼𝐼𝐼 + 𝐸 𝑆𝑡 𝑁2 𝐼𝐼 = 𝐸𝑆𝑁𝐺 𝑁2 𝐼𝐼 + 𝐼𝑅 (4.27) 

CO&H2 unit 𝐸𝑆𝑁𝐺 𝑁2 𝐼𝐼 + 𝑊𝐶𝑂&𝐻2
+ 𝐸 𝑆𝑡 𝐶𝑂&𝐻2 = 𝐸𝑆𝑁𝐺 𝐶𝑂&𝐻2

+ 𝐸𝐻2
+ 𝐸𝐶𝑂 + 𝐼𝑅 (4.28) 

Entire unit 

𝐸𝑠𝑦𝑛 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + 𝐸 𝑆𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + 𝑊𝑆𝑁𝐺 𝑈𝑁𝐼𝑇

= 𝐸 𝐶𝑂2 𝑡𝑜𝑡 + 𝐸 𝑁2 𝑡𝑜𝑡 + 𝐸 𝑐𝑜𝑛𝑑 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + 𝐸 ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇

+ 𝐸𝑐ℎ𝑎𝑟 𝑠𝑐𝑟 𝑆𝑁𝐺 𝑢𝑛𝑖𝑡 + 𝐸𝑆𝑁𝐺 𝐶𝑂&𝐻2
+ 𝐸𝐻2

+ 𝐸𝐶𝑂 + 𝐼𝑅 

(4.29) 

𝐸 𝑆𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇

= 𝐸 𝑆𝑡 𝐶𝑂2 𝐼 + 𝐸 𝑆𝑡 𝐶𝑂2 𝐼𝐼 + 𝐸 𝑆𝑡 𝑁2 𝐼 + 𝐸 𝑆𝑡 𝑊𝐺𝑆 + 𝐸 𝑆𝑡 𝐶𝑂2 𝐼𝐼𝐼

+ 𝐸 𝑆𝑡 𝑁2 𝐼𝐼 + 𝐸 𝑆𝑡 𝐶𝑂&𝐻2  

(4.30) 

𝑊𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 = 𝑊𝑀𝐸𝑇 𝐶𝑂𝑀 + 𝑊𝐶𝑂&𝐻2 + 𝑊𝑠𝑐𝑟 𝑆𝑁𝐺 𝑢𝑛𝑖𝑡 (4.31) 

𝐸 𝐶𝑂2 𝑡𝑜𝑡 = 𝐸 𝐶𝑂2 𝐼 + 𝐸 𝐶𝑂2 𝐼𝐼 + 𝐸 𝐶𝑂2 𝐼𝐼𝐼 (4.32) 

𝐸 𝑁2 𝑡𝑜𝑡 = 𝐸 𝑁2 𝐼 + 𝐸 𝑁2 𝐼𝐼 (4.33) 

𝐸 𝑐𝑜𝑛𝑑 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 = 𝐸 𝑐𝑜𝑛𝑑 𝑊𝐺𝑆 + 𝐸 𝑐𝑜𝑛𝑑 𝑀𝐸𝑇 (4.34) 

𝐸 ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇

= 𝐸 ℎ𝑒𝑎𝑡 𝐶𝑂2 𝐼 + 𝐸 ℎ𝑒𝑎𝑡 𝐶𝑂2 𝐼𝐼 + 𝐸 ℎ𝑒𝑎𝑡 𝐶𝑂2 𝐼𝐼𝐼 + 𝐸 ℎ𝑒𝑎𝑡 𝑊𝐺𝑆

+ 𝐸 ℎ𝑒𝑎𝑡 𝑀𝐸𝑇 − 𝐸 𝑝𝑟𝑒 ℎ𝑒𝑎𝑡 𝑊𝐺𝑆 

(4.35) 

Entire system 

 𝐸𝑏𝑖𝑜𝑚 + 𝐸𝑎𝑖𝑟 𝑡𝑜𝑡 + 𝐸𝑓𝑤 

= 𝐸𝑐𝑜𝑙𝑑 𝑡𝑜𝑡 + 𝐸 ℎ𝑒𝑎𝑡 𝑡𝑜𝑡 + 𝑊𝑡𝑜𝑡 + 𝐸𝑠𝑦𝑛 𝑠𝑒𝑙𝑙 + 𝐸𝑐ℎ𝑎𝑟 𝑡𝑜𝑡 + 𝐸𝑒𝑥ℎ 𝑡𝑜𝑡

+ 𝐸𝑆𝑁𝐺 𝐶𝑂&𝐻2
+ 𝐸 𝐶𝑂2 𝑡𝑜𝑡 + 𝐸 𝑁2 𝑡𝑜𝑡 + 𝐸𝐻2

+ 𝐸𝐶𝑂 + 𝐼𝑅 

(4.36) 

𝐸𝑎𝑖𝑟 𝑡𝑜𝑡 = 𝐸𝑎𝑖𝑟 𝑔𝑎𝑠 + 𝐸𝑎𝑖𝑟 𝐺𝑇 (4.37) 

𝐸 ℎ𝑒𝑎𝑡 𝑡𝑜𝑡 = 𝐸 ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + 𝐸 ℎ𝑒𝑎𝑡 𝑔𝑎𝑠 ℎ𝑒𝑥 + 𝐸 ℎ𝑒𝑎𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋 (4.38) 

𝑊𝑡𝑜𝑡 = 𝑊𝑝𝑜𝑤𝑒𝑟 𝑢𝑛𝑖𝑡 − 𝑊𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 − 0.02 ∙ 𝑊𝐺𝑇 − 𝑊𝑠𝑐𝑟 (4.39) 

𝐸𝑐ℎ𝑎𝑟 𝑡𝑜𝑡 = 𝐸𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 𝑠𝑢𝑚 + 𝐸𝑐ℎ𝑎𝑟 𝑠𝑐𝑟 𝑆𝑁𝐺 𝑢𝑛𝑖𝑡 (4.40) 

 

The exergy of the material flows (RDF or MSW, air, steam, condensate, syngas, exhaust gases, 

CO2, N2, CO, H2, SNG, feed water, char and ash) can be computed using the formula [47, 94]: 
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𝐸 = 𝑒 ∙ 𝑚 (4.41) 

In accordance with the previously introduced assumptions, the specific exergy of the material 

flows is calculated as [47, 94]: 

𝑒 =  𝑒𝑝ℎ + 𝑒 𝑐ℎ  (4.42) 

The specific physical exergy for components with thermodynamic parameters available in tables 

are computed using the following formula [47, 94]: 

𝑒𝑝ℎ  =  (ℎ − ℎ𝑜) − 𝑇𝑜 ∙ (𝑠 − 𝑠𝑜) (4.43) 

For the other substances (gases and solids) the physical exergy is calculated through [47, 94]: 

𝑒𝑝ℎ  =  𝑐𝑝 ∙ (𝑇 − 𝑇𝑜 − 𝑇𝑜 ∙ ln (
𝑇

𝑇0
)) + 𝑅𝑇𝑜 ln(

𝑃

𝑃𝑜
)  (4.44) 

The specific chemical exergy for most of the species is obtained from [94], while the specific 

chemical exergy of air is assumed to be zero. The specific chemical exergy of RDF or MSW is 

computed as suggested by Szargut et al. [95] and stated in Bösch et al. [96]: 

𝑒𝑐ℎ  =  𝛽 ∙ 𝐿𝐻𝑉  (4.45) 

𝛽 =  1.0438 + 0.1882
𝜔𝐻

𝜔𝐶
+ 0.0610

𝜔𝑂

𝜔𝐶
+ 0,0404

𝜔𝑁

𝜔𝐶
 for 

𝜔𝑂

𝜔𝐶
≤ 0,5 (4.46) 

𝛽 =  [1.0438 + 0.1882
𝜔𝐻

𝜔𝐶
− 0.2509

𝜔𝑂

𝜔𝐶
(1 + 0.7256

𝜔𝐻

𝜔𝐶
) + 0.0383

𝜔𝑁

𝜔𝐶
]/(1 −

0.3035
𝜔𝑂

𝜔𝐶
) for 0,5 ≤

𝜔𝑂

𝜔𝐶
≤ 2 

(4.47) 

The mass flows of the substances and the thermodynamic parameters needed for equations (4.41-

4.47) are obtained from the thermodynamic analysis. 

The exergy of the thermal flows is calculated as follows [97]: 

𝐸ℎ𝑒𝑎𝑡  =  𝑄ℎ𝑒𝑎𝑡 ∙ (1 −
𝑇𝑜

𝑇ℎ𝑒𝑎𝑡
)  (4.48) 

𝐸𝑐𝑜𝑙𝑑  =  |𝑄𝑐𝑜𝑙𝑑 ∙ (1 −
𝑇𝑜

𝑇𝑐𝑜𝑙𝑑
)| (4.49) 

where Theat and Tcold are equal to the mean logarithmic temperature in the heating and in the 

cooling distribution system, respectively. Moreover, the exergy flow of the electricity is equal to 

the electricity load itself.  

Finally, the exergetic efficiency of each unit and the overall system is evaluated through [94-95]:  

𝜓 =  
Σ𝐸𝑜𝑢𝑡

Σ𝐸𝑖𝑛
 (4.50) 
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Chapter 5 

5 Economic model 

5.1 General model description 

The DHC polygeneration system economic model is based on two principal criteria, which might 

be crucial for the investors. The first one, a cumulative net cash flow is computed to assess the 

project investment return time (the so-called payback time) [98]: 

CCF𝑡  =  CF𝑡 + CF𝑡−1 (5.1) 

The investment is returned when 𝐶𝐶𝐹𝑡 changes its sign from negative to positive. The year when 

it happens is called the payback year.  

The second criteria, the discounted net cash flow for the project lifetime is another metric for 

investment attractiveness [98]: 

DNCF =  ∑
CF𝑡

(1 + 𝑖)𝑡

𝑡

 (5.2) 

Unless specified otherwise, the discount rate i is considered 7% [98]. 

The project lifetime is a crucial parameter for the economic model. Shorter project lifetimes entail 

relatively higher risks and proportionally higher capital expenses (CapEx) as compared to longer 

time projects. In this work, the project lifetime is taken to be 20 years in agreement with the 

typical lifetime of a CHP with GT and HRSG [99]. The plant construction is considered to be 2 

years [100-102]. For the first year of construction 30% of CapEx is needed, being the remaining 

invested during the second year. During the construction, the plant is not operating. Consequently, 

cash flows consist solely of CapEx. When the plant is in operation, CF represents the difference 

between operational expenses and revenues. 

The model currency is the US dollar (referred to as USD). When costs or prices are in euros, they 

are converted using the conversion coefficient 𝑓𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 = 1.37 [103].  

5.2 Capital expenditures  

The investment in the project consists of the following costs: equipment procurement 𝐶𝑜𝑠𝑡𝑒𝑞𝑢𝑖𝑝, 

equipment installation 𝐶𝑜𝑠𝑡𝑒𝑞 𝑖𝑛𝑠𝑡, civil engineering 𝐶𝑜𝑠𝑡𝑐𝑖𝑣, project engineering 𝐶𝑜𝑠𝑡𝑝𝑟 𝑒𝑛𝑔 and 

contingency cost 𝐶𝑜𝑠𝑡𝑐𝑜𝑛𝑡. 

All expenses should be at a cost level for 2013. If they differ, they are updated by means of an 

inflation coefficient 𝑓𝑖𝑛𝑓:  
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𝑓𝑖𝑛𝑓 =
𝐼𝐶𝐸𝑃𝐶𝐼

𝐼𝐶𝐸𝑃𝐶𝐼
𝑟𝑒𝑓   (5.3) 

where the values of the chemical engineering plant cost index (CEPCI) 𝐼𝐶𝐸𝑃𝐶𝐼 for years 1990-2013 

[102, 104] are given in Appendix IV. 

5.2.1 Equipment procurement  

In the power unit, the costs for equipment are identified. For the gasification and SNG production 

units, aggregated costs for all equipment are used. The total equipment procurement expenses is 

given by the expression: 

𝐶𝑜𝑠𝑡𝑒𝑞𝑢𝑖𝑝

=  𝐶𝑜𝑠𝑡𝐺𝑇 + 𝐶𝑜𝑠𝑡𝐻𝑅𝑆𝐺 + 𝐶𝑜𝑠𝑡𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 + 𝐶𝑜𝑠𝑡𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + 𝐶𝑜𝑠𝑡𝑎𝑏 + 𝐶𝑜𝑠𝑡𝑐𝑜𝑚𝑝

+ 𝐶𝑜𝑠𝑡𝑊𝑆𝑡 𝐻𝐸𝑋 + 𝐶𝑜𝑠𝑡𝐵𝑂𝑃 

(5.4) 

where 𝐶𝑜𝑠𝑡𝐵𝑂𝑃 accounts for the expenses on the auxiliary equipment and subsystems 

(interconnecting costs, valves, automatic control equipment, etc.). 

 

Gasifier unit 

A cost of the gasifier unit (later referred to as the gasifier “island” as well) includes the expenses 

on the gasifier, cyclone, gasifier HEX and Venturi scrubber purchasing. It is estimated using 

following formula [98]: 

𝐶𝑜𝑠𝑡𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 = 𝐶𝑜𝑠𝑡𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 𝑟𝑒𝑓 ∙ (
𝑚𝑏𝑖𝑜𝑚

𝑚𝑏𝑖𝑜𝑚 𝑟𝑒𝑓
)0.7 (5.5) 

where 𝐶𝑜𝑠𝑡𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 𝑟𝑒𝑓  = 59700000 USD (prices of 2011) is for the circulating fluidized bed 

gasifier, and 𝑚𝑏𝑖𝑜𝑚 𝑟𝑒𝑓 = 11.57 [kg·s
-1

] [105]. 

 

Power unit 

Gas turbine 

The cost of the GT is given by: 

𝐶𝑜𝑠𝑡𝐺𝑇 = 𝐶𝑜𝑠𝑡𝐺𝑇 𝑐𝑜𝑚 + 𝐶𝑜𝑠𝑡𝑡𝑢𝑟 + 𝐶𝑜𝑠𝑡𝑐𝑜𝑚𝑏 + 𝐶𝑜𝑠𝑡𝐺𝑇 𝑡ℎ𝑒𝑟𝑚 + 𝐶𝑜𝑠𝑡𝑔𝑒𝑛 + 𝐶𝑜𝑠𝑡𝑔𝑒𝑛 𝑎𝑢𝑥 (5.6) 

Each GT subsystem cost is estimated as follows: 

 Cost of the gas turbine compressor (reference year 1991) [106, 107] : 

𝐶𝑜𝑠𝑡𝐺𝑇 𝑐𝑜𝑚 = 𝛼1 ∙ 𝑀𝑓 𝑐𝑜𝑚 𝑟𝑒𝑓 ∙ (
𝑚𝑎𝑖𝑟 𝐺𝑇

𝑀𝑓 𝐺𝑇 𝑐𝑜𝑚 𝑟𝑒𝑓
)

0.7

∙ Π𝑐𝑜𝑚 𝑟𝑒𝑓 ∙ ln Π𝑐𝑜𝑚 ∙
1

𝛼2−𝜂𝑝𝑜𝑙
  (5.7) 
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where 𝑀𝑓 𝑐𝑜𝑚 𝑟𝑒𝑓 = 515 [kg·s
-1

], Π𝑐𝑜𝑚 𝑟𝑒𝑓 = 15, 𝛼1 = 27.7 [USD·kg
-1

·s] [106], and 𝛼2 = 0.96 

[108]. 

 Cost of the gas turbine [106, 107] (reference year 1991): 

𝐶𝑜𝑠𝑡𝑡𝑢𝑟 = 𝛼3 ∙ 𝑀𝑓 𝑒𝑥ℎ 𝑟𝑒𝑓 ∙ (
𝑚𝐺𝑇 𝑒𝑥ℎ 

𝑀
𝑓 𝑒𝑥ℎ
𝑟𝑒𝑓 )

0.7

∙ Π𝑡𝑢𝑟 𝑟𝑒𝑓 ∙ ln Π𝑡𝑢𝑟 ∙
1

𝛼2−𝜂𝑝𝑜𝑙
∙ 𝑓𝑇  (5.8) 

where 𝑀𝑓 𝑒𝑥ℎ 𝑟𝑒𝑓 = 460.0 [kg·s
-1

], Π𝑡𝑢𝑟 𝑟𝑒𝑓 = 15, 𝛼3 = 12.4 [USD·kg
-1

·s] [108], and 𝑓𝑇 = 1.  

 Cost of the combustor [106, 107] (reference year 1991): 

𝐶𝑜𝑠𝑡𝑐𝑜𝑚𝑏 = 𝛼4 ∙ 𝑀𝑓 𝑐𝑜𝑚𝑏 𝑟𝑒𝑓 ∙ (
𝑚𝐺𝑇 𝑒𝑥ℎ

𝑀𝑓 𝑐𝑜𝑚𝑏 𝑟𝑒𝑓
)

0.7

∙
1

𝑓𝑑𝑝 − 0,005
∙ 𝑓𝑇 (5.9) 

where 𝑀𝑓 𝑐𝑜𝑚𝑏 𝑟𝑒𝑓 = 460 [kg·s
-1

], 𝑓𝑑𝑝 = 1, and 𝛼4 = 17.9 [USD·kg
-1

·s] [108] 

 Cost of the GT thermal subsystem [106] (reference year 1991): 

𝐶𝑜𝑠𝑡𝐺𝑇 𝑡ℎ𝑒𝑟𝑚 = 0.7 ∙ (𝐶𝑜𝑠𝑡𝑐𝑜𝑚𝑏 + 𝐶𝑜𝑠𝑡𝑡𝑢𝑟 + 𝐶𝑜𝑠𝑡𝐺𝑇 𝑐𝑜𝑚)  (5.10) 

 Cost of the generator and its auxiliary systems [106] (reference year 1996): 

𝐶𝑜𝑠𝑡𝑔𝑒𝑛 = 𝛼5 ∙ (
𝐸𝑛𝑔𝑒𝑛

𝐸𝑛𝑔𝑒𝑛 𝑟𝑒𝑓
)

0.7

  (5.11) 

𝐶𝑜𝑠𝑡𝑔𝑒𝑛 𝑎𝑢𝑥 = 𝛼6 ∙ (
𝐸𝑛𝑔𝑒𝑛

𝐸𝑛𝑔𝑒𝑛 𝑟𝑒𝑓
)

0.7

 (5.12) 

where 𝛼5 = 4000000 USD, 𝛼6 = 6000000 USD, and 𝐸𝑛𝑔𝑒𝑛
𝑟𝑒𝑓

 = 160 MW.  

 

Heat recovery steam generator 

A cost of the pressure HRSG is calculated using the cost functions for the HRSG from [108], 

which were derived from [106, 107] (reference year 1991): 

𝐶𝑜𝑠𝑡𝐻𝑅𝑆𝐺 = 𝐶𝑜𝑠𝑡ℎ𝑒𝑥 𝐻𝑅𝑆𝐺 + 𝐶𝑜𝑠𝑡𝑛𝑜𝑜𝑧𝑙𝑒 + 𝐶𝑜𝑠𝑡𝑝𝑖𝑝𝑒𝑠   (5.13) 

 Heat exchangers (evaporator, economizer and super-heater):  

𝐶𝑜𝑠𝑡ℎ𝑒𝑥 𝐻𝑅𝑆𝐺 = 𝛼7 ∙ 𝑓𝑝 𝐻𝑅𝑆𝐺 ∙ 𝑓𝑇,𝑠𝑡𝑒𝑎𝑚 ∙ 𝑓𝑇,𝑔𝑎𝑠 ∙ (
𝑄𝐻𝑅𝑆𝐺

∆𝑇𝑙𝑚  
)

0.8

  (5.14) 

𝑓𝑇,𝑠𝑡𝑒𝑎𝑚 = 1 + exp (
𝑇𝑆𝑡 − 830

500
) (5.15) 

𝑓𝑇,𝑔𝑎𝑠 = 1 + exp (
𝑇 𝐺𝑇 𝑒𝑥ℎ − 990

500
) (5.16) 
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𝑓𝑝 𝐻𝑅𝑆𝐺 = 0.0971 ∙ (
𝑃𝑆𝑡 

𝑃𝑆𝑡 𝑟𝑒𝑓
) + 0.9029 (5.17) 

𝑄𝐻𝑅𝑆𝐺 = 𝜂𝐻𝑅𝑆𝐺 ∙ 𝑚𝑒𝑥ℎ 𝐺𝑇 ∙ ∑ 𝜔𝑒𝑥ℎ 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇
𝑇 𝐺𝑇 𝑒𝑥ℎ

𝑇 𝐻𝑅𝑆𝐺 𝑒𝑥ℎ
𝑗   (5.18) 

∆𝑇𝑙𝑚 =
𝑇 𝐺𝑇 𝑒𝑥ℎ − 𝑇 𝐻𝑅𝑆𝐺 𝑒𝑥ℎ

log10(
𝑇 𝐺𝑇 𝑒𝑥ℎ − 𝑇 𝐻𝑅𝑆𝐺 𝑒𝑥ℎ

𝑇 𝑆𝑡 − 𝑇 𝑐𝑜𝑛𝑑 
)
 

(5.19) 

where 𝛼7 = 3650 [USD·kW
-0.8

·K
0.8

], and 𝑃𝑠𝑡𝑒𝑎𝑚 𝑟𝑒𝑓 = 30 bar. 

 Pipes (for connection between HRSG and WSt HEX, and HRSG and absorption chiller) 

𝐶𝑜𝑠𝑡𝑝𝑖𝑝𝑒𝑠 = 𝛼8 ∙ 𝑓𝑝 𝐻𝑅𝑆𝐺 ∙ 𝑚𝑆𝑡 𝐻𝑅𝑆𝐺 𝑚𝑎𝑥  (5.20) 

where 𝛼8 = 11820 [USD·kg
-1

·s] [106]. 

 Exhaust gases nozzle: 

𝐶𝑜𝑠𝑡𝑛𝑜𝑧𝑧𝑙𝑒 = 𝛼9 ∙ 𝑚𝑒𝑥ℎ 𝐺𝑇
1.2  (5.21) 

where 𝛼9 = 658 [USD·kg
-1.2

·s
1.2

] [106]. 

 

Absorption and compression chillers 

The costs of chillers are calculated using the following formulas (reference year 2012) [98]:  

𝐶𝑜𝑠𝑡𝑎𝑏 = 𝐶𝑜𝑠𝑡𝑎𝑏 𝑟𝑒𝑓 ∙ (
𝑄 𝑎𝑏 𝑐𝑎𝑝 

𝑄𝑎𝑏 𝑐𝑎𝑝 𝑟𝑒𝑓 
)0.7 ∙ 𝑓𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 (5.22) 

𝐶𝑜𝑠𝑡𝑐𝑜𝑚𝑝 = 𝐶𝑜𝑠𝑡𝑐𝑜𝑚𝑝 𝑟𝑒𝑓 ∙ (
𝑄 𝑐𝑜𝑚𝑝 𝑐𝑎𝑝 

𝑄𝑐𝑜𝑚𝑝 𝑐𝑎𝑝 𝑟𝑒𝑓 
)0.7 ∙ 𝑓𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 (5.23) 

where 𝐶𝑜𝑠𝑡𝑎𝑏 𝑟𝑒𝑓 = 850000 USD, 𝑄𝑎𝑏 𝑐𝑎𝑝 𝑟𝑒𝑓 = 12200 kW [109], and 𝑄 𝑎𝑏 𝑐𝑎𝑝 = 4800 kW [5], 

𝐶𝑜𝑠𝑡𝑐𝑜𝑚𝑝 𝑟𝑒𝑓 = 70000 euro, and 𝑄𝑐𝑜𝑚𝑝 𝑐𝑎𝑝 𝑟𝑒𝑓 = 5500 kW when 𝑄𝑐𝑜𝑚𝑝 𝑐𝑎𝑝  = 5500 kW [110]. 

The number of chillers needed is estimated by dividing the maximal cold production for each 

chiller by the chiller’s capacity. 

 

WSt heat exchanger 

The cost of the WSt heat exchanger is estimated using an expression taken from [111] (reference 

year 2013): 

𝐶𝑜𝑠𝑡𝑊𝑆𝑡 𝐻𝐸𝑋 = 10500 ∙ 𝑁𝑢𝑚𝑊𝑆𝑡 𝐻𝐸𝑋 + 130 ∙ 𝑆𝑞𝑊𝑆𝑡 𝐻𝐸𝑋 (5.24) 

where 𝑁𝑢𝑚ℎ𝑒𝑥 = 1 and 𝑆𝑞ℎ𝑒𝑥 = 69.9695 m
2
.  

 

SNG production unit 
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The cost of the SNG unit is calculated using the formula (reference year 2013) [98]: 

𝐶𝑜𝑠𝑡𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 = 𝐶𝑜𝑠𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 𝑟𝑒𝑓 ∙ (
𝑄𝑏𝑖𝑜𝑚 

𝑄𝑏𝑖𝑜𝑚 𝑟𝑒𝑓 
)0.7 (5.25) 

To identify the reference cost for the SNG production unit, the average specific capital investment 

in the SNG plant was found; specifically, 1100 [USD·kW
-1

] for 𝑄𝑏𝑖𝑜𝑚 𝑟𝑒𝑓 = 1 GW of thermal 

biomass input [112]. Then the share of each subsystem and numbers of subsystems was defined. 

The bio-SNG plant includes a gasifier, syngas cleaning-up and conditioning, SNG synthesis and 

upgrading, whereas the weight of each equipment cost in the total is 38.1%, 39.8%, 22.1%, 

respectively [112]. Later on, the cost 𝐶𝑜𝑠𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 𝑟𝑒𝑓 was identified when the cost share of the 

SNG production unit was known – 682 [USD·kW
-1

].  

The thermal input of biomass for equation (5.25) is computed as: 

𝑄𝑏𝑖𝑜𝑚 = 𝑚𝑏𝑖𝑜𝑚 ∙ 𝐿𝐻𝑉𝑏𝑖𝑜𝑚 (5.26) 

 

BOP cost 

According to [99, 100] the bulk equipment (BOP) cost is approximately 11% of the total 

equipment costs: 

𝐶𝑜𝑠𝑡𝐵𝑂𝑃 =
11

100 − 11
∙ (𝐶𝑜𝑠𝑡𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 + 𝐶𝑜𝑠𝑡𝐺𝑇 + 𝐶𝑜𝑠𝑡𝐻𝑅𝑆𝐺 + 𝐶𝑜𝑠𝑡𝑎𝑏 + 𝐶𝑜𝑠𝑡𝑐𝑜𝑚𝑝

+ 𝐶𝑜𝑠𝑡𝑊𝑆𝑡 𝐻𝐸𝑋 + 𝐶𝑜𝑠𝑡𝑆𝑁𝐺 𝑈𝑁𝐼𝑇) 

(5.27) 

 

5.2.2 Other investment costs 

The total CapEx is calculated through the following expression: 

𝐶𝑜𝑠𝑡𝑖𝑛𝑣 = 𝐶𝑜𝑠𝑡𝑒𝑞𝑢𝑖𝑝 + 𝐶𝑜𝑠𝑡𝑒𝑞 𝑖𝑛𝑠𝑡 + 𝐶𝑜𝑠𝑡𝑝𝑟 𝑒𝑛𝑔 + 𝐶𝑜𝑠𝑡𝑐𝑖𝑣 + 𝐶𝑐𝑜𝑛𝑡 (5.28) 

where the costs needed for equation (5.28) are calculated as follows. 

 Equipment installation according to [113], as it was stated by [106]:  

𝐶𝑜𝑠𝑡𝑒𝑞 𝑖𝑛𝑠𝑡 = 0.2 ∙ 𝐶𝑜𝑠𝑡𝑒𝑞𝑢𝑖𝑝 (5.29) 

 Civil engineering costs according to [113], as it was stated by [106]: 

𝐶𝑜𝑠𝑡𝑐𝑖𝑣 = (0.1 + 0.02) ∙ 𝐶𝑜𝑠𝑡𝑒𝑞𝑢𝑖𝑝 (5.30) 

where a value 0.1 corresponds to the civil engineering of the new plant at the existing site, while a 

value of 0.02 corresponds to the yard improvement. 

 Project engineering [108]: 
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𝐶𝑜𝑠𝑡𝑝𝑟 𝑒𝑛𝑔 = 0.05 ∙  (𝐶𝑜𝑠𝑡𝑒𝑞𝑢𝑖𝑝 + 𝐶𝑜𝑠𝑡𝑒𝑞 𝑖𝑛𝑠𝑡 + 𝐶𝑜𝑠𝑡𝑐𝑖𝑣)  (5.31) 

 Contingency costs [108]: 

𝐶𝑜𝑠𝑡𝑐𝑜𝑛𝑡 = 0.1 ∙ (𝐶𝑜𝑠𝑡𝑒𝑞𝑢𝑖𝑝 + 𝐶𝑜𝑠𝑡𝑒𝑞 𝑖𝑛𝑠𝑡 + 𝐶𝑜𝑠𝑡𝑐𝑖𝑣)  (5.32) 

5.3 Operational expenses 

Operating expenditures (OpEx) consists of costs of fuel (RDF or MSW), raw material, 

maintenance and repair costs, insurance costs and labor costs (including overheads and 

administrative costs) as follows:  

𝐶𝑜𝑠𝑡𝑂𝑝𝐸𝑥 = 𝐶𝑜𝑠𝑡𝑓𝑢𝑒𝑙 + 𝐶𝑜𝑠𝑡𝑚𝑎𝑖𝑛 + 𝐶𝑜𝑠𝑡𝑖𝑛𝑠 + 𝐶𝑜𝑠𝑡𝑙𝑎𝑏  (5.33) 

The expenses related to utilities (water reagents for the water treatment), operating supplies 

(consumables), rentals and taxes are not included in the model. Additionally, all costs associated 

with the district heating/cooling system installation, engineering and operation are excluded from 

the model.  

The fuel, maintenance and insurance costs are found as follows. 

 Fuel: 

𝐶𝑜𝑠𝑡𝑓𝑢𝑒𝑙 = 𝑚𝑏𝑖𝑜𝑚 ∙ 𝑃𝑟𝑖𝑐𝑒𝑏𝑖𝑜𝑚 ∙ 𝑓𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒  (5.34) 

where 𝑃𝑟𝑖𝑐𝑒𝑏𝑖𝑜𝑚 = 10 [euro·ton
-1

] [114] (unless specified otherwise). 

 Maintenance [98]: 

𝐶𝑜𝑠𝑡𝑚𝑎𝑖𝑛 = 0.04 ∙ 𝐶𝑜𝑠𝑡𝑖𝑛𝑣 (5.35) 

 Insurance [98]: 

𝐶𝑜𝑠𝑡𝑖𝑛𝑠 = 0.01 ∙ 𝐶𝑜𝑠𝑡𝑖𝑛𝑣 (5.36) 

The labor costs can be computed when the plant personnel team, working times and salaries are 

identified. The staff requirements were considered in compliance with relevant sources [101, 102, 

115]. The number of employees in different categories was adjusted to the plant size and needs. 

The plant engineer is assumed to assume duties of the maintenance supervisor as well. The 

operators work on shifts of 8 hours, 42 hours a week. There are two secretaries at the plant – one 

is responsible for the document turnover, another is responsible for the client/visitors assistance. 

There are two maintenance technicians (an electrical and a mechanical engineer) and two yard 

employees working per shift. There is one lab manager and one lab technician working in one 

shift, 40 hours per week. The number of shift supervisors is 4 per shift of 8 hours. Table 5.1 

presents the labor costs for the year 2002. The labor costs from Table 5.1 should be indexed to the 
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salaries for the reference year 2013 by means of the mean annual salary [116]. The mean annual 

salary for 2002 was 35560 USD, while for 2013 was 46440 USD.  

In addition to salaries (direct costs), overheads and administrative costs were estimated to be 50% 

of the 𝐶𝑜𝑠𝑡𝑙𝑎𝑏 [108]. 

 

Table 5.1. Labor costs for the year 2002. 

Position Annual salary, USD Number Total cost, USD 

Plant manager  110 000 1 110 000 

Plant engineer  65 000 1 65 000 

Lab manager  50 000 1 50 000 

Shift supervisor  45 000 4 180 000 

Lab technician  35 000 1 35 000 

Maintenance technician  40 000 8 320 000 

Shift operators  40 000 4 160 000 

Yard employees  25 000 8 200 000 

Clerks & secretaries  25 000 2 50 000 

Total cost (2002) 1 170 000 

Total cost (2013) 1 527 975 

 

5.4 Revenues  

The polygeneration DHC system receives total revenues from the system operation that can be 

calculated as: 

𝑅𝑒𝑣 = 𝑅𝑒𝑣𝑒𝑙𝑒𝑐 + 𝑅𝑒𝑣ℎ𝑒𝑎𝑡 + 𝑅𝑒𝑣𝑐𝑜𝑙𝑑 + 𝑅𝑒𝑣𝑠𝑦𝑛 + 𝑅𝑒𝑣𝑐ℎ𝑎𝑟 + 𝑅𝑒𝑣𝑆𝑁𝐺 + 𝑅𝑒𝑣𝐻2
 (5.37) 

The revenues from each system product are computed as follows (note that prices of value-added 

products do not include costs of delivery and storage, if needed): 

 Electricity: 

𝑅𝑒𝑣𝑒𝑙𝑒𝑐 = 𝑇𝑎𝑟𝑖𝑓𝑓𝑒𝑙𝑒𝑐 ∙ 𝑓𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒  ∙ 𝑓𝑐𝑜𝑛𝑣 ∙ 𝑊𝑡𝑜𝑡 (5.38) 

where 𝑇𝑎𝑟𝑖𝑓𝑓𝑒𝑙𝑒𝑐 = 30 [euro·MWh
-1

] [117]. 

 Heating: 

𝑅𝑒𝑣ℎ𝑒𝑎𝑡 = 𝑇𝑎𝑟𝑖𝑓𝑓ℎ𝑒𝑎𝑡 ∙ 𝑓𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 ∙ 𝑓𝑐𝑜𝑛𝑣 ∙ 𝑄ℎ𝑒𝑎𝑡 𝑡𝑜𝑡 (5.39) 

where 𝑇𝑎𝑟𝑖𝑓𝑓ℎ𝑒𝑎𝑡 = 0.05907 [euro·kWh
-1

] [5]. 

 Cooling: 

𝑅𝑒𝑣𝑐𝑜𝑙𝑑 = 𝑇𝑎𝑟𝑖𝑓𝑓𝑐𝑜𝑙𝑑 ∙ 𝑓𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 ∙ 𝑓𝑐𝑜𝑛𝑣 ∙ 𝑄𝑐𝑜𝑙𝑑 𝑡𝑜𝑡 (5.40) 

where 𝑇𝑎𝑟𝑖𝑓𝑓𝑐𝑜𝑙𝑑 = 0.16193 [euro·kWh
-1

] [5]. 

 Syngas: 

𝑅𝑒𝑣𝑠𝑦𝑛 = 𝑃𝑟𝑖𝑐𝑒𝑠𝑦𝑛 ∙ 𝑓𝑐𝑜𝑛𝑣 ∙ 𝑚𝑠𝑦𝑛 𝑠𝑒𝑙𝑙 (5.41) 

where 𝑃𝑟𝑖𝑐𝑒𝑠𝑦𝑛 = 0.793 [USD·kg
-1

] USD per liter of gasoline equivalent (2011 US prices) [118].  
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 Char: 

𝑅𝑒𝑣𝑐ℎ𝑎𝑟 = 𝑃𝑟𝑖𝑐𝑒𝑐ℎ𝑎𝑟 ∙ 𝑓𝑐𝑜𝑛𝑣 ∙ 𝑚𝑐ℎ𝑎𝑟 𝑡𝑜𝑡  (5.42) 

𝑚𝑐ℎ𝑎𝑟 𝑡𝑜𝑡 = 𝑚𝑐ℎ𝑎𝑟 𝑐𝑦𝑐𝑙 + 𝑚𝑐ℎ𝑎𝑟 𝑠𝑐𝑟 + 𝑚𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 + 𝑚𝑐ℎ𝑎𝑟 𝑆𝑁𝐺 𝑠𝑐𝑟 (5.43) 

where 𝑃𝑟𝑖𝑐𝑒𝑐ℎ𝑎𝑟 = 12.5 [USD·ton
-1

] for low calorific coals (prices of 2013) [119]: 

 SNG: 

𝑅𝑒𝑣𝑆𝑁𝐺 = 𝑃𝑟𝑖𝑐𝑒𝑆𝑁𝐺 ∙ 𝑓𝑐𝑜𝑛𝑣 ∙ 𝑚𝑆𝑁𝐺 𝐶𝑂&𝐻2  (5.44) 

where 𝑃𝑟𝑖𝑐𝑒𝑆𝑁𝐺 = 24[USD· GJ
 -1

] bio-SNG cost (prices of 2013) [112]. 

 Hydrogen:  

𝑅𝑒𝑣𝐻2
= 𝑃𝑟𝑖𝑐𝑒𝐻2

∙ 𝑚𝐻2 (5.45) 

where 𝑃𝑟𝑖𝑐𝑒𝐻2
= 4.2 [USD·kg

-1
] [120].  

 Gate fee:  

𝑅𝑒𝑣𝐻2
= 𝐹𝑒𝑒𝑀𝑆𝑊 ∙ 𝑓𝑐𝑜𝑛𝑣 ∙ 𝑓𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 ∙ 𝑚𝑀𝑆𝑊 (5.46) 

where 𝐹𝑒𝑒𝑀𝑆𝑊 = 15 [euro·ton
-1

] [121].  
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Chapter 6 

6 Exergo-economic model 

In addition to the economic model, an exergo-economic model was established. Stand-alone 

economic analysis will allow determining project investments costs, the payback for CapEx, but it 

fails to identify each system product value in relation to the amount of energy consumed to its 

production. Such a drawback might be overcome through an exergo-economic analysis, when the 

costs of all system outputs might be compared from the perspective of both exergy and economic 

analyses.  

To create the exergo-economic model the system was divided into the following parts:  

 The gasification unit (the gasifier with the cleaning equipment and the heat exchanger).  

 The SNG unit.  

 The GT unit (GT plus compressor); 

 The HRSG; 

 The thermal unit (the WSt HEX, and the absorption and compression chillers). 

The following assumptions were considered: 

 Exergo-economic costs for products such as ash, exhaust gases after HRSG, CO, CO2 and 

N2 are excluded from the model.  

 Products exergo-economic costs for the same system part are equal (for instance, costs of 

syngas, char and heat at the exit of the gasifier are the same).  

 The exergo-economic costs for the same product used as an input for one unit input 

coming from another unit output are equivalent.  

For the model definition, for each system part as well as for the entire system a cost rate balance 

(USD/h) must be written [122, 123]:  

∑ �̇�𝑖𝑛 𝑗 + 𝑍𝑗  =  ∑ �̇�𝑃𝑟𝑜𝑑 𝑗  (6.1) 

The exergo-economic costs (USD/GJ) for each system product is found through the following 

expression:  

�̇�𝑃𝑟𝑜𝑑 𝑗  =  �̇�𝑃𝑟𝑜𝑑 𝑗  /𝐸𝑖  (6.2) 

The expressions for the cost rate balances derived for each unit are as follows: 

 Gasification unit: 

�̇�𝑏𝑖𝑜𝑚 + �̇� 𝑒𝑙𝑒𝑐 𝑔𝑎𝑠 + �̇�𝑆𝑡 𝑔𝑎𝑠 + 𝑍𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 = �̇�𝑠𝑦𝑛 + �̇�𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 + �̇�ℎ𝑒𝑎𝑡 𝑔𝑎𝑠 (6.3) 
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�̇�𝑏𝑖𝑜𝑚 + �̇�𝑒𝑙𝑒𝑐 𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 ∙ 𝑊𝑠𝑐𝑟 + �̇�𝑆𝑡 𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 ∙ 𝐸𝑠𝑡 𝑔𝑎𝑠 + 𝑍𝐺𝐴𝑆 𝑈𝑁𝐼𝑇

= �̇�𝑠𝑦𝑛 𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 ∙ 𝐸𝑠𝑦𝑛 𝑠𝑐𝑟 + �̇�𝑐ℎ𝑎𝑟 𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 ∙ 𝐸𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 𝑠𝑢𝑚 + �̇�ℎ𝑒𝑎𝑡 𝐺𝐴𝑆 𝑈𝑁𝐼𝑇

∙ 𝐸ℎ𝑒𝑎𝑡 𝑔𝑎𝑠 ℎ𝑒𝑥  

(6.4) 

 SNG production unit: 

�̇�𝑠𝑦𝑛 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + �̇� 𝑒𝑙𝑒𝑐 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + �̇�𝑆𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + 𝑍𝑆𝑁𝐺 𝑈𝑁𝐼𝑇

= �̇�𝑆𝑁𝐺 + �̇�𝐻2
+ �̇�ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + �̇�𝑐ℎ𝑎𝑟 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 

(6.5) 

�̇�𝑠𝑦𝑛 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 ∙ 𝐸𝑠𝑦𝑛 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + �̇�𝑒𝑙𝑒𝑐 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 ∙ 𝑊𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + �̇�𝑆𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 ∙ 𝐸𝑠𝑦𝑛 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇

+ 𝑍𝑆𝑁𝐺 𝑈𝑁𝐼𝑇

= �̇�𝑆𝑁𝐺 ∙ 𝐸𝑆𝑁𝐺 𝐶𝑂&𝐻2
+ �̇�𝑐ℎ𝑎𝑟 𝑆𝑁𝐺 𝑢𝑛𝑖𝑡 ∙ 𝐸𝑐ℎ𝑎𝑟 𝑠𝑐𝑟 𝑆𝑁𝐺 𝑢𝑛𝑖𝑡 + �̇�ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇

∙ 𝐸 ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + �̇�𝐻2
∙ 𝐸𝐻2

 

(6.6) 

 GT:  

�̇�𝑠𝑦𝑛 𝐺𝑇 + 𝑍𝐺𝑇 = �̇�𝑒𝑙𝑒𝑐 𝐺𝑇 + �̇�𝑒𝑥ℎ 𝐺𝑇 (6.7) 

 �̇�𝑠𝑦𝑛 𝐺𝑇 ∙ 𝐸𝑠𝑦𝑛 𝐺𝑇 + 𝑍𝐺𝑇 = �̇�𝑒𝑙𝑒𝑐 𝐺𝑇 ∙ (𝑊𝐺𝑇 − 𝑊𝑐𝑜𝑚) + �̇�𝑒𝑥ℎ 𝐺𝑇 ∙ 𝐸𝑒𝑥ℎ 𝐺𝑇 (6.8) 

 HRSG: 

�̇�𝑐𝑜𝑛𝑑 𝐻𝑅𝑆𝐺 + �̇�𝑓𝑤 + �̇�𝑒𝑥ℎ 𝐻𝑅𝑆𝐺 + 𝑍𝐻𝑅𝑆𝐺 = �̇�𝑆𝑡 𝐻𝑅𝑆𝐺  (6.9) 

 �̇�𝑐𝑜𝑛𝑑 𝐻𝑅𝑆𝐺 ∙ 𝐸𝑐𝑜𝑛𝑑 𝐻𝑅𝑆𝐺 + �̇�𝑓𝑤 ∙ 𝐸𝑓𝑤 + �̇�𝑒𝑥ℎ 𝐻𝑅𝑆𝐺 ∙ 𝐸𝑒𝑥ℎ 𝐻𝑅𝑆𝐺 𝑖𝑛 + 𝑍𝐻𝑅𝑆𝐺

= �̇�𝑆𝑡 𝐻𝑅𝑆𝐺 ∙ 𝐸𝑆𝑡 𝐻𝑅𝑆𝐺  
(6.10) 

 Thermal unit (TU): 

�̇�𝑆𝑡 𝑇𝑈 + �̇�𝑒𝑙𝑒𝑐 𝑇𝑈 + 𝑍𝑇𝑈 = �̇�𝑐𝑜𝑛𝑑 𝑇𝑈 + �̇�ℎ𝑒𝑎𝑡 𝑇𝑈 + �̇�𝑐𝑜𝑙𝑑 𝑇𝑈 (6.11) 

�̇�𝑆𝑡 𝑇𝑈 ∙ (𝐸𝑆𝑡 𝑎𝑏 + 𝐸𝑆𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋)+�̇�𝑒𝑙𝑒𝑐 𝑇𝑈 ∙ 𝑊𝑐ℎ𝑖𝑙𝑙 + 𝑍𝑇𝑈

= �̇�𝑐𝑜𝑛𝑑 𝑇𝑈  ∙ (𝐸𝑐𝑜𝑛𝑑 𝑊𝑆𝑡 𝐻𝐸𝑋 + 𝐸𝑐𝑜𝑛𝑑 𝑎𝑏 ) +  �̇�ℎ𝑒𝑎𝑡 𝑇𝑈 ∙ 𝐸ℎ𝑒𝑎𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋 + �̇�𝑐𝑜𝑙𝑑 𝑇𝑈

∙ 𝐸𝑐𝑜𝑙𝑑 𝑡𝑜𝑡 

(6.12) 

 All system:  

�̇�𝑏𝑖𝑜𝑚 + �̇�𝑓𝑤 + 𝑍𝑡𝑜𝑡

= �̇�𝑠𝑦𝑛 𝑡𝑜𝑡 + �̇�𝑐ℎ𝑎𝑟 𝑡𝑜𝑡 + �̇�ℎ𝑒𝑎𝑡 𝑡𝑜𝑡 + �̇�𝑐𝑜𝑙𝑑 𝑡𝑜𝑡 + �̇�𝑒𝑙𝑒𝑐 𝑡𝑜𝑡 + �̇�𝑆𝑁𝐺 𝑡𝑜𝑡 + �̇�𝐻2 𝑡𝑜𝑡 
(6.13) 
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�̇�𝑏𝑖𝑜𝑚 + �̇�𝑓𝑤 + 𝑍𝑡𝑜𝑡

= �̇�𝑠𝑦𝑛 𝑡𝑜𝑡 ∙ 𝐸𝑠𝑦𝑛 𝑠𝑒𝑙𝑙 + �̇�𝑐ℎ𝑎𝑟 𝑡𝑜𝑡 ∙ (𝐸𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 𝑠𝑢𝑚 + 𝐸𝑐ℎ𝑎𝑟 𝑠𝑐𝑟 𝑆𝑁𝐺 𝑢𝑛𝑖𝑡) + �̇�ℎ𝑒𝑎𝑡 𝑡𝑜𝑡

∙ (𝐸ℎ𝑒𝑎𝑡 𝑔𝑎𝑠 ℎ𝑒𝑥 + 𝐸 ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + 𝐸ℎ𝑒𝑎𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋) + �̇�𝑐𝑜𝑙𝑑 𝑡𝑜𝑡 ∙ 𝐸𝑐𝑜𝑙𝑑 𝑡𝑜𝑡

+ �̇�𝑒𝑙𝑒𝑐 𝑡𝑜𝑡 ∙ 𝑊𝑡𝑜𝑡 + �̇�𝑆𝑁𝐺 𝑡𝑜𝑡 ∙ 𝐸𝑆𝑁𝐺 𝐶𝑂&𝐻2 + �̇�𝐻2 𝑡𝑜𝑡 ∙ 𝐸𝐻2
 

(6.14) 

𝑍𝑡𝑜𝑡 = 𝑍𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 + 𝑍𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + 𝑍𝐺𝑇 + 𝑍𝐻𝑅𝑆𝐺 + 𝑍𝑇𝑈 (6.15) 

Since all products from the same unit have the same exergo-economic cost then: 

 �̇�𝑠𝑦𝑛 𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 = �̇�𝑐ℎ𝑎𝑟 𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 = �̇�ℎ𝑒𝑎𝑡 𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 = �̇�𝑠𝑦𝑛   (6.16) 

�̇�𝑆𝑁𝐺 = �̇�𝑐ℎ𝑎𝑟 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 = �̇�ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 = �̇�𝐻2
 (6.17) 

�̇�𝑒𝑙𝑒𝑐 𝐺𝑇 = �̇�𝑒𝑥ℎ 𝐺𝑇 = �̇�𝑒𝑙𝑒𝑐  (6.18) 

�̇�𝑐𝑜𝑛𝑑 𝑇𝑈  = �̇�ℎ𝑒𝑎𝑡 𝑇𝑈 = �̇�𝑐𝑜𝑙𝑑 𝑇𝑈 = �̇�𝑐𝑜𝑛𝑑   (6.19) 

As the exergo-economic cost of the same product for one unit input are equal to the cost of 

another unit output then: 

�̇�𝑒𝑙𝑒𝑐 𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 = �̇�𝑒𝑙𝑒𝑐 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 = �̇�𝑒𝑙𝑒𝑐 𝑇𝑈 = �̇�𝑒𝑙𝑒𝑐 𝐺𝑇 = �̇�𝑒𝑙𝑒𝑐 𝑡𝑜𝑡 = �̇�𝑒𝑙𝑒𝑐   (6.20) 

�̇�𝑆𝑡 𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 = �̇�𝑆𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 = �̇�𝑆𝑡 𝑇𝑈 = �̇�𝑆𝑡 𝐻𝑅𝑆𝐺 = �̇�𝑆𝑡  (6.21) 

�̇�𝑠𝑦𝑛 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 = �̇�𝑠𝑦𝑛 𝐺𝑇 = �̇�𝑠𝑦𝑛 𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 = �̇�𝑠𝑦𝑛 𝑡𝑜𝑡 = �̇�𝑠𝑦𝑛  (6.22) 

�̇�𝑐𝑜𝑛𝑑 𝑇𝑈 = �̇�𝑐𝑜𝑛𝑑 𝐻𝑅𝑆𝐺 = �̇�𝑐𝑜𝑛𝑑   (6.23) 

�̇�𝑐𝑜𝑙𝑑 𝑡𝑜𝑡 = �̇�𝑐𝑜𝑙𝑑 𝑇𝑈 = �̇�𝑐𝑜𝑛𝑑   (6.24) 

�̇�𝑆𝑁𝐺 𝑡𝑜𝑡 = �̇�𝑆𝑁𝐺 (6.25) 

�̇�𝐻2 𝑡𝑜𝑡 = �̇�𝐻2
= �̇�𝑆𝑁𝐺  (6.26) 

 The costs �̇�𝑐ℎ𝑎𝑟 𝑡𝑜𝑡, �̇�ℎ𝑒𝑎𝑡 𝑡𝑜𝑡 might be found as follows: 

�̇�𝑐ℎ𝑎𝑟 𝑡𝑜𝑡 =
𝐸𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 𝑠𝑢𝑚 ∙ �̇�𝑐ℎ𝑎𝑟 𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 + 𝐸𝑐ℎ𝑎𝑟 𝑠𝑐𝑟 𝑆𝑁𝐺 𝑢𝑛𝑖𝑡 ∙ �̇�𝑐ℎ𝑎𝑟 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇

𝐸𝑐ℎ𝑎𝑟 𝑡𝑜𝑡

=
𝐸𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 𝑠𝑢𝑚 ∙ �̇�𝑠𝑦𝑛 + 𝐸𝑐ℎ𝑎𝑟 𝑠𝑐𝑟 𝑆𝑁𝐺 𝑢𝑛𝑖𝑡 ∙ �̇�𝑆𝑁𝐺

𝐸𝑐ℎ𝑎𝑟 𝑡𝑜𝑡
 

(6.27) 
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�̇�ℎ𝑒𝑎𝑡 𝑡𝑜𝑡

=
𝐸ℎ𝑒𝑎𝑡 𝑔𝑎𝑠 ℎ𝑒𝑥 ∙ �̇�ℎ𝑒𝑎𝑡 𝐺𝐴𝑆 𝑈𝑁𝐼𝑇 + 𝐸 ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 ∙ �̇�ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 + 𝐸ℎ𝑒𝑎𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋 ∙ �̇�ℎ𝑒𝑎𝑡 𝑇𝑈

𝐸ℎ𝑒𝑎𝑡 𝑡𝑜𝑡

=
𝐸ℎ𝑒𝑎𝑡 𝑔𝑎𝑠 ℎ𝑒𝑥 ∙ �̇�𝑠𝑦𝑛 + 𝐸 ℎ𝑒𝑎𝑡 𝑆𝑁𝐺 𝑈𝑁𝐼𝑇 ∙ �̇�𝑆𝑁𝐺 + 𝐸ℎ𝑒𝑎𝑡 𝑊𝑆𝑡 𝐻𝐸𝑋 ∙ �̇�𝑐𝑜𝑛𝑑

𝐸ℎ𝑒𝑎𝑡 𝑡𝑜𝑡
 

(6.28) 

The fixed costs (or investment expenses) (USD/h) for equations (6.1, 6.3-6.15) the following 

expression [122]:  

𝑍𝑗  =  
𝐶𝑜𝑠𝑡𝑗∙𝑓𝑡∙𝑓𝑂𝑀

𝜏
  (6.29) 

where 𝐶𝑜𝑠𝑡𝑗 might be obtained from the economic analysis. 

An operation and maintenance coefficients are calculated as follows: 

𝑓𝑂𝑀  =
𝐶𝑜𝑠𝑡𝑚𝑎𝑖𝑛+𝐶𝑜𝑠𝑡𝑖𝑛𝑠+𝐶𝑜𝑠𝑡𝑙𝑎𝑏

𝐶𝑜𝑠𝑡𝑖𝑛𝑣 𝑡𝑜𝑡
  (6.30) 

𝐶𝑜𝑠𝑡𝑖𝑛𝑣 𝑡𝑜𝑡 = 𝑓𝑡 ∙ 𝐶𝑜𝑠𝑡𝑖𝑛𝑣  (6.31) 

The depreciation index 𝑓𝑡 is computed using the following expression [123]: 

𝑓𝑡 =
𝑖∙(1+𝑖)𝑡

(1+𝑖)𝑡−1
  (6.32) 

The cost rates of biomass (RDF or MSW) and feed water are calculated as follows:  

�̇�𝑏𝑖𝑜𝑚 = 𝑚𝑏𝑖𝑜𝑚 ∙ 𝑃𝑟𝑖𝑐𝑒𝑏𝑖𝑜𝑚 ∙ 𝑓𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒  (6.33) 

�̇�𝑓𝑤 = 𝑚𝑓𝑤 ∙ 𝑃𝑟𝑖𝑐𝑒𝑓𝑤 ∙ 𝑓𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒  (6.34) 

where feed water price is considered 0.00001 Euro/kg [123]. 
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Chapter 7 

7 Environmental model  

The environmental model for the polygeneration DHC system is based on two criteria, namely the 

avoided CO2 emissions and the CO2 emission factors. To build the model the following 

assumptions were considered: 

 MSW and RDF are carbon neutral [124]. 

 Only emissions from the MSW transportation and the SNG unit operation are included in the 

model. 

 Average CO2 emission factor for MSW or RDF transportation in car CO2km is equal to 140 g 

CO2/km [125]. 

 Biomass distribution density 𝐷𝐷𝑦 is estimated 1219 tons/km
2
/year. 

 Load of each truck/car is assumed to be 15 tons. 

Avoided CO2 emissions are calculated using the method described in [125-127]:  

CO2av = CO2ref - CO2trans  (7.1) 

CO2trans = DT ∙ CO2km  (7.2) 

𝐷𝑇 =
4

3
∙ (

𝑚𝑎𝑠𝑠𝑏𝑖𝑜𝑚 𝑦

𝜋𝐷𝐷𝑦
)

0.5

(
𝑚𝑎𝑠𝑠𝑏𝑖𝑜𝑚 𝑦

𝑉𝑙𝑜𝑎𝑑
)  (7.3) 

The CO2 emissions factors are computed only for the power supply (𝐶𝑂2𝑦𝑒𝑙𝑒𝑐), for the power and 

heat thermal energy supply (cogeneration) (𝐶𝑂2𝑦𝑐𝑜𝑔), and for the power, heat and cold thermal 

energy supply (trigeneration) (𝐶𝑂2𝑦𝑡𝑟𝑖𝑔). They are calculated using the following expressions: 

𝐶𝑂2𝑦𝑒𝑙𝑒𝑐 =
𝐶𝑂2𝑦

𝑊𝑦
 (7.4) 

𝐶𝑂2𝑦𝑐𝑜𝑔 =
𝐶𝑂2𝑦

𝑊𝑦 + 𝑄ℎ𝑒𝑎𝑡 𝑦
 (7.5) 

𝐶𝑂2𝑦𝑡𝑟𝑖𝑔 =
𝐶𝑂2𝑦

𝑊𝑦 + 𝑄ℎ𝑒𝑎𝑡 𝑦 + 𝑄𝑐𝑜𝑙𝑑 𝑦
 (7.6) 
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Chapter 8 

8 Summary of results and discussion 

8.1 Evaluation of RDF application as the main fuel in the polygeneration DHC 

system (Paper I) 

8.1.1 Summary 

The main objective of this investigation was to evaluate the potential of using RDF as the main 

fuel for the polygeneration DHC system. The proposed system should supply customers with 

sufficient amount of heating, cooling and electricity and at the same time generate revenues from 

value-added products sales, in particular syngas and char. To do that the traditional DHC system, 

fueled by natural gas with the equipment configuration represented in section 3.2, was upgraded 

with an air-steam gasifier capable of accommodating RDF feedstocks. Thermodynamic, exergy 

and economic models were developed in EES in order to quantify the system performance. The 

results showed that the full replacement of natural gas with RDF is technically possible and 

economically viable.  

8.1.2 Methodology 

See Chapters 3-5. 

8.1.3 Selected results  

Thermodynamic analysis results presented in this section point at inefficiencies and propose 

potential measures for efficiency improvement [41]. Economic analysis results provided estimates 

on the required total investment and purchased equipment costs, and they suggest alternative ways 

to boost the plant cost effectiveness [41]. 

To start with, the gasification model was validated with the experimental data. The results of the 

model validation are presented in Table 8.1. The model estimates the CO and H2 contents well 

while fails in accurately predicting the CH4, CO2 and H2O yields. One of the reasons for this 

deviation is the considered syngas composition in contrast to the experimental one. In the model 

the syngas consists of CH4, CO2, CO, H2, N2, and H2O, while the experimental volatile gas 

includes gases C2H4 and C2H6 omitted in the model. At the same time the model assumes a 

specific char yield, which was not determined in experiments. Another reason is that generally the 

stoichiometric equilibrium model tends to underestimate the methane content, as mentioned 

previously. Despite these limitations, the model is judged to provide a reasonable representation of 
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the gasifier performance with respect to the primary syngas elements. More details might be found 

in section 8.6. 

 
Table 8.1. Comparison between predicted syngas composition with the present model and that obtained 

from experiments [44]. 

Volatile gas 
Content (mol.%) 

Model Experimental 

H2 42.6 42.7 

CO 14.5 15.8 

CO2 9.2 17.9 

CH4 2.0 17.6 

C2H4 - 5.6 

C2H6 - 0.4 

H2O 31.5 - 

N2 0.16 - 

 

Additionally, it was revealed that the amount of steam produced in the modeled system covers the 

internal demand in the WSt HEX, absorption chiller and gasifier. Moreover, even at the maximal 

internal steam consumption there is steam in excess, which might be utilized for other purposes. 

Finally, it was observed that the annual thermodynamic efficiency varies marginally with the 

gasification temperature.  

Fig. 8.1 presents the annual exergetic efficiency as function of the steam to carbon ratio at a 

gasification temperature of 1073 K. 

 
Fig. 8.1. Annual exergetic efficiency as a function of S/C at a gasification temperature of 1073 K. 

 

The exergetic efficiency increases along with the S/C ratio growth. Even though the syngas LHV 

is reduced for lowers ER, such a decline causes an increase in the mass flow through the GT and 

HRSG. The increase in ER leads to the similar outcome, the exergy efficiency grows.  

Table 8.2 lists the key outcomes of the economic analysis, while Fig. 8.2 shows the 

polygeneration total net cash flow for 20 years of the plant operation as a function of the syngas 

produced for sale. 
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Table 8.2. Key results of the economic analysis and optimization. 

 

 

 

 

 

 

 

 
Fig. 8.2. Net cash flow as a function of the syngas produced for selling. 

 

It was found that within considered RDF price range, both NCF and DNCF are not sensitive to 

price variations, and both functions grow as syngas export rises. RDF prices might fluctuate 

greatly as they markets are not well established [128], so the security of RDF supply cannot be 

guaranteed. In addition, syngas and char might have an unstable demand resulting in price 

unpredictability and possible revenues fluctuations.  

ER = 0.0034; S/C = 2; Tgas = 1173 K 

Parameter Value 

Annual average exergy efficiency  0.62 

Annual average trigeneration efficiency 0.76 

Annual average cogeneration efficiency 0.46 

Net cash flow for 20 years, mln USD  318.4 

Revenue char, mln USD  0.03 

Revenue syngas, mln USD 28.3 

Payback period, years  2 
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8.2 Assessment of SNG production in the polygeneration DHC system (Paper 

II) 

8.2.1 Summary 

In Paper I the possibility of RDF application as the main fuel for the polygeneration DHC system 

was studied. The system was able to produce value-added products as syngas and char and to 

provide heating, cooling and electricity supply. Despite syngas and char being proven as lucrative 

outputs, their demand could be prone to uncertainty. To overcome this drawback the product range 

might be extended with SNG, which has a stable demand. 

The objective of Paper II was to evaluate the potential of SNG production in the polygeneration 

DHC system. Additionally, a parametric study of gasification characteristics variation, RDF price 

and discount rate on the system performance was performed.  

It was found that SNG production in the polygeneration DHC system is technically feasible and 

economically viable.  

8.2.2 Methodology 

See Chapters 3 and 5. 

8.2.3 Selected results: Thermodynamic analysis 

In this section the presented results reveal the thermodynamic inefficiency causes in the 

polygeneration DHC system producing SNG and propose probable means to enhance the system 

performance [41].  

To start with, Table 8.3 shows the molar composition of the syngas and SNG for Tgas = 1173 K, 

ER = 0.03 and S/C = 2.2, while Table 8.4 lists the key system parameters for the different SNG 

production rates.  

For the basic scenario, the SNG production rate is equal to 10%. At this scenario the major 

amount of the head load for the DHC system is supplied through surplus heat recovery from the 

gasifier HEX and the SNG unit. At the same time, the greater share of cooling load is produced 

via the absorption chiller. The polygeneration system is capable to satisfy internal electricity 

demand so that no import is needed. The system cogeneration and trigeneration efficiencies are 

44% and 74.6%, respectively. 
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Table 8.3. Molar composition of the syngas and SNG [129]. 

Component 
Syngas 

SNG unit outlet 
Gasifier inlet SNG unit inlet 

CO, mol.% 10.7 16.6 < 0.001 

CO2, mol.% 8.9 14.0 1.5 

CH4, mol.% 0.9 1.3 96.6 

H2, mol.% 31.1 48.4 1.9 

H2O, mol.% 35.8 0.00 0.0 

N2, mol.% 12.6 19.7 0.01 

Molar mass, kg/kmol 17.7 17.5 16.1 

LHV, kJ/kg 6351 9997 47979 

SNG mass yield, % - - 13.8 

 

Table 8.4. Key system parameters for the different SNG production rates. 

Parameter 
SNG production rate, % 

10 69 104 

Annual demand, kton 

RDF 37.5 57.6 69.6 

Annual supply, kton 

SNG 0.8 5.4 8.2 

Hydrogen 0.06 0.4 0.6 

Char 0.6 1.2 1.6 

Daily heat supply (average), MWh 

Surplus heat  129.9 164.3 164.6 

WSt HEX  34.7 0.4 0 

Daily cold supply (average), MWh 

Adsorption chiller  175.9 112.2 1.9 

Compression chiller  1.9 65.6 175.9 

Daily electricity load (average), MWh 

Export to the grid  90.6 35.0 1.3 

Import from the grid 0 0.003 13.1 

Daily system efficiency (average),% 

Cogeneration 44.0 22.4 15.3 

Trigeneration 74.6 42.3 31.5 

 

Fig. 8.3 shows the system cogeneration and trigeneration average efficiencies as a function of the 

SNG production rate.  

 
Fig. 8.3. System cogeneration and trigeneration average efficiencies as a function of the SNG 

production rate. 
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As it might be observed, the system performance is declining with the SNG rate increase. At the 

greater SNG production rates the waste heat recovery is worsened, and more surplus heat is 

dissipated into the environment. At the same time, the electricity system needs are growing so that 

after a certain production rate (69%) the system is not capable to satisfy them and an import from 

the grid is required. Some results of the thermodynamic analysis for such rate are presented in 

Table 8.4. The maximal SNG production is achieved when the system steam demand is equivalent 

to the absolute HRSG steam capacity. It occurs for a SNG rate of 104%. Some results of the 

energy analysis for this rate are provided in Table 8.4.  

In addition, the influence of the gasification parameters (Tgas, ER and S/C) on the system 

performance was examined. Fig. 8.4 presents system cogeneration and trigeneration average 

efficiencies as a function of the S/C, and Fig. 8.5 shows the system efficiencies as a function of the 

ER. As it might be noted, a reduction in ER and an increase in S/C is beneficial for the system 

performance. In contrast to ER and S/C, the gasification temperature change has a marginal impact 

on the system capability. 

 
Fig. 8.4. System cogeneration and trigeneration average efficiencies as a function of the S/C. 

 

 
Fig. 8.5. System cogeneration and trigeneration average efficiencies as a function of the ER. 
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8.2.4 Selected results: Economic analysis 

In this section economic results are presented, and values of total investment and purchased 

equipment costs are established. In addition the potential tactics for the plant cost effectiveness are 

discussed. [41]. 

Table 8.5 lists the economic analysis results for different SNG production rates for a RDF price of 

10 euro/ton and a discount rate 7%. 

 
Table 8.5. Economic analysis results for different SNG production rates. 

Parameter 
SNG production rate,% 

10 69 104 

CapEx, mln USD 26.4 32.7 36.1 

OpEx, mln USD 3.9 4.5 5.0 

Revenues, mln USD 21.9 27.9 31.4 

incl. SNG 0.9 6.3 9.5 

incl. H2 0.3 1.7 2.6 

incl. char 0.01 0.01 0.01 

Total DNCF, mln USD 151.7 200.2 227.5 

 

Even in the basic scenario, the total DNCF has a reasonable value – 151.7 mln USD, and annual 

revenues from value-added products retail are promising. Along with the SNG production rate 

increase, the DNCF and revenues grow as well. Fig. 8.6 presents the DNCF as a function of the 

SNG production rate. 

 
Fig. 8.6. DNCF as a function of the SNG production rate. 

 

The gasification parameters alter the economic evaluation results. DNCF values are greater at 

lower ER and higher S/C ratios. Yet, the gasification temperature does not modify the results 

significantly. At the same time, predictably lower RDF price and discount rate boosts the 

greater DNCF. Investment payback time is autonomous of the parameters variation and equal 

to 3 years. 
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8.3 Thermodynamic and economic evaluation of the polygeneration DHC 

system (Paper III) 

8.3.1 Summary 

Papers I and II allowed to conclude that the polygeneration DHC system operating on RDF could 

produce several by-products, namely char, syngas or SNG. However the system performance for 

supplying different sets of value-added product assortments (char; char and syngas; char and 

SNG; char, syngas and SNG) was not analyzed. What is more, the products sets were not 

compared.  

In order to fill this gap, in Paper III the thermo-economic analysis of the polygeneration DHC 

system with different sets of value-added product assortments in different seasons was performed. 

The year was divided in two periods: the cooling period (days 122-304) and the heating period 

(the rest of the year). 

It was found that the system performance varies throughout the entire year. The economic analysis 

showed that the production of all value-added products is feasible and viable.  

8.3.2 Methodology 

See Chapters 3 and 5. 

8.3.3 Selected results: Thermodynamic analysis 

Similarly to Papers I and II, the results discussed in this section identifies the reasons for the 

system low performance with the different sets of sub-products. In addition, alternative measures 

for efficiencies improvement are discussed [41].  

The more detailed description of each evaluated scenario as well as the key results of the 

thermodynamic analysis for the different cases are provided in Table 8.6. In case I the system 

produces only char as by-product. Fig. 8.7 shows the system efficiencies trends for this case. Both 

system efficiencies vary daily.  
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Table 8.6. Results of the thermodynamic analysis (annual) [48]. 
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 c
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char I 0 0 0 0 34.1 0.5 - - 60.3 29.0 65.1 0.2 36.0 0 49.8 83.6 

char & 

syngas 

II 25 0 25 0 42.6 0.6 14.2 - 60.3 18.3 65.1 1.1 35.8 0 39.8 66.8 

III 0 0 25 0 38.4 0.6 7.1 - 60.3 27.5 65.1 1.1 35.8 0 45.7 74.7 

IV 25 0 0 0 38.4 0.6 7.1 - 60.3 19.9 65.1 0.2 36.0 0 45.7 74.7 

char & 

SNG  

V 0 25 0 25 42.6 0.8 - 2.0 60.3 11.8 65.1 4.6 28.7 0 36.9 63.8 

VI 0 0 0 25 38.4 0.7 - 1.0 60.3 27.2 65.1 4.6 32.1 0 44.1 73.1 

VII 0 25 0 0 38.4 0.7 - 1.0 60.3 13.6 65.1 0.2 32.6 0 42.6 74.3 

char, 

syngas 

& SNG  

VIII 25 25 25 25 51.1 0.9 14.2 2.0 60.3 6.0 65.1 8.7 28.1 0 30.5 53.0 

IX 0 0 25 25 42.6 0.7 7.1 1.0 60.3 27.2 65.1 8.7 31.5 0 41.5 67.4 

X 25 25 0 0 42.6 0.7 7.1 1.0 60.3 7.8 65.1 0.2 32.6 0 38.9 69.2 
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Fig. 8.7. Daily system efficiencies for case I. 

 

The cogeneration efficiency declines in the cooling season, whereas the trigeneration efficiency 

grows. Two factors influence such behavior. Firstly, during the cooling season the surplus heat 

exploitation is worsening, more heat needs to be diverted to the environment affecting the 

cogeneration efficiency. Secondly, at the same season, the steam consumption is intensified. 

Therefore, the lesser exhaust gas amount is diverted prior the HRSG, which has a great impact on 

the trigeneration efficiency. 

In cases II-IV (see Table 8.6) each system produces syngas and char simultaneously. In case II the 

system produces syngas at the annual syngas production rate Rsell = 25%. Compared to the 

previous scenario the system capability worsens due to the poorer waste heat exploitation in the 

gasifier heat exchanger and the lower electricity export to the grid. The later decreases as the 

greater share of cold is supplied via the compression chiller.  

For cases III and IV each system supplies syngas at Rsell = 25% only in the cooling or in the 

heating seasons. Figs. 8.8 and 8.9 present daily cogeneration and trigeneration efficiencies for 

these cases.  

 
Fig. 8.8. Daily cogeneration system efficiencies for cases III and IV. 
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Fig. 8.9. Daily trigeneration system efficiencies for cases III and IV. 

 

System efficiency grows in the cooling season for case IV and declines during the heating season 

unlike case III. In total, the syngas and char production during the heating season (as in case IV) is 

more advisable. The electricity output to the grid is higher, while the heat dissipation with the 

exhaust gases is lower.  

With cases V-VII (see Table 8.6) each system provides SNG and char simultaneously. Case V 

exhibits an annual SNG production rate RSNG = 25%. Compared to the previously discussed cases 

the system performance is lowered. The system electricity export is reduced due to the SNG unit 

needs and greater cold supply through the compression chiller. Excess waste heat is increased 

related to the surplus heat production of the SNG unit.  

In cases VI and VII each system has an SNG production rate RSNG = 25% only in the cooling 

season or in the heating season, respectively. Figs. 8.10 and 8.11 show the cogeneration and 

trigeneration efficiencies variation throughout the year for these cases.  

In case VI the system efficiency increases in the heating season and reduces during the cooling 

season unlike to case VII. In total, the concurrent production of char and SNG during the heating 

period is more preferable for reasons similar to the simultaneous char and syngas production. 

 
Fig. 8.10. Daily cogeneration system efficiencies for cases VI and VII. 
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Fig. 8.11. Daily trigeneration system efficiencies for cases VI and VII. 

 

In cases VIII-X (see Table 8.6) each system produces char, syngas and SNG simultaneously. In 

case VIII the system has the annual syngas and SNG production rates Rsell = RSNG = 25%. Such a 

scenario represents the superposition of the previously discussed scenarios for the independent 

syngas & char and SNG & char production with the numbers modified. In case IX the syngas and 

SNG production rates are equal to Rsell = RSNG = 0 during the heating period and Rsell = RSNG = 25% 

during the cooling period, whereas in the case X the rates are Rsell = RSNG = 25% during the heating 

season and Rsell = RSNG = 0 during the cooling period. Analogously to the concurrent syngas & char 

and SNG & char production, the simultaneous char, syngas and SNG production is more desirable 

during the heating season. The electricity output to the grid is higher, while the exhaust gases 

thermal potential is exploited to a higher degree.  

8.3.4 Selected results: Economic analysis 

Analogously to Papers I and II, in this section the economic analysis outcomes are scrutinized for 

the different cases of sub-products assortment and possible measures for the plant cost 

effectiveness improvement are discussed [41]. 

Table 8.7 presents the key results for the economic analysis. In case I, in CapEx, the cost of the 

gasifier “island” occupies the highest share, while expenses on the conventional DHC system 

machinery are lower. In OpEx, in contrast to the traditional DHC, the labor cost has the greatest 

contribution, and the fuel cost share is significantly small.  

In total annual revenues, the profit from the char sales is minor with the greater sale returns from 

the electricity, heating and cooling. Overall, the char production in the DHC system is viable with 

the payback period 3 years.  
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Table 8.7. Results of the economic analysis [48]. 
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char I 0 0 0 0 25.9 18.5 3.9 0.3 20.8 0.01 - - 3 142.4 

char & 

syngas 

II 25 0 25 0 28.1 20.1 4.1 0.4 24.3 0.01 3.5 - 3 172.6 
III 0 0 25 0 28.1 20.1 4.1 0.4 22.5 0.01 1.7 - 3 155.8 
IV 25 0 0 0 28.8 20.6 4.1 0.4 22.5 0.01 1.7 - 3 154.9 

char & 

SNG  

V 0 25 0 25 28.2 20.2 4.1 0.4 23.4 0.01 - 2.3 3 164.1 

VI 0 0 0 25 28.2 20.2 4.1 0.4 22.1 0.01 - 1.1 3 151.5 

VII 0 25 0 0 28.9 20.7 4.1 0.4 22.1 0.01 - 1.1 3 150.7 

char, 

syngas 

& SNG  

VIII 25 25 25 25 31.1 22.2 4.4 0.5 26.9 0.01 3.5 2.3 3 193.2 
IX 0 0 25 25 31.1 22.2 4.3 0.4 23.8 0.01 1.7 1.1 3 163.8 
X 25 25 0 0 31.6 22.6 4.3 0.4 23.9 0.01 1.7 1.1 3 163.4 

 

In cases II-VII (see Table 8.7) the major outcomes of the economic analysis are similar to the char 

production (case I) with some numbers altered. The CapEx is grown due to the increased gasifier 

“island” cost. The operational expenses are also higher due to the small rise of all expenses, with 

the exception of the labor cost. Annual revenues are increased due to the higher contribution of the 

sub-product sales (syngas and char or SNG and char). Altogether, all cases are economically 

viable with the unchanged payback period of 3 years. However, simultaneous syngas and char 

production is recommended during the cooling period, whereas the concurrent SNG and char 

production is more advisable in the heating season. 

Similarly to the thermodynamic analysis outcomes the results of the economic analysis for the 

cases VIII-X are the combination of all cases discussed. Yet, the concurrent production of char, 

syngas and SNG is preferable in the cooling period alike to the syngas and char production. 
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8.4 Exergy and exergo-economic analysis of the polygeneration DHC system 

(Paper IV) 

8.4.1 Summary 

In Paper III the polygeneration system supplying different sets of value-added products was 

analyzed from the energy and economic perspectives. The main objective of the analysis presented 

in Paper IV was to supplement the aforementioned investigation with exergy and exergo-

economic analyses of the polygeneration DHC system and to compare different scenarios of 

value-added products (char; char and syngas; char, SNG and H2; char, syngas, SNG and H2). To 

do this, thermodynamic, exergy and exergo-economic models were built up in Matlab® and the 

e!sankey® software was applied to obtain Grossman diagrams. 

It was found that the introduction of the gasifier and the SNG production unit is positive for the 

system performance. When different scenarios were compared, the case of simultaneous char and 

syngas production appeared as the most promising.  

8.4.2 Methodology 

See Chapters 4 and 6. 

8.4.3 Selected results: Exergy analysis 

While in the previous sections (Papers I-III) energy results were analyzed to determine reasons for 

the system performance inefficiencies, in this section exergy analysis outcomes would help to 

locate where the inefficiencies take place in the system, estimate their values and discuss possible 

reasons for their occurrence [41]. 

Char 

Table 8.8 shows the results of the exergy analysis for each scenario. In scenario I the gasifier 

produces syngas sufficient only for the GT supply, so that char is the solely value-added 

polygeneration DHC system product. Fig. 8.12 presents the Grossman diagram of the 

polygeneration DHC system for this case. The exergy flows showed in the diagram have a 

contribution to the total input exergy above 0.5%, while the values for the omitted streams can be 

found in Table 8.8. 

Two exergy flows enter the polygeneration DHC system: the flow of RDF and the flow of feed 

water. The exergy flow of RDF undergoes through the conversion in the gasifier unit (the gasifier 

with the cleaning equipment) via two main outputs streams: exergy flows of syngas and char.  



 
 

60 

 

Table 8.8. Results of the exergy analysis (annually average) [130].  
Value-added 

products 
Char Char and syngas Char, SNG and H2 Char, syngas, SNG and H2 

Case Scenario I Scenario II 
Max 

RSG to sell 
Scenario III Wim = 0 

Max 

RSG to SNG 
Scenario IV Wim = 0 

Max 

RSG to sell and RSG 

to SNG 

RSG to sell 0 10% 266% 0 0 0 10% 133% 133% 

RSG to SNG 0 0 0 10% 68% 104% 10% 43% 52% 

Exergy flows kW % kW % kW % kW % kW % kW % kW % kW % kW % 

Inputs 

RDF 21381.5 98.7 23519.6 98.7 78256.3 98.7 23519.6 98.5 35920.9 97.8 43618.2 96.5 25657.8 98.5 59012.9 98.4 60937.3 98.3 

Feed water 289.0 1.3 317.9 1.3 1057.6 1.3 362.6 1.5 789.6 2.2 1054.7 2.3 391.5 1.5 989.9 1.6 1056.1 1.7 

Electricity 0 0 0 0 0 0 0 0 0 0 547.1 1.2 0 0 0 0 21.6 0.03 

Outputs 

Syngas 0 0 1799.2 7.6 47859.7 60.3 0 0 0 0 0 0 1799.2 6.9 23929.9 39.9 23929.9 38.6 

Char 572.7 2.6 629.8 2.6 2095.6 2.6 686.8 2.9 1349.7 3.7 1761.1 3.9 744.1 2.9 1825.5 3.0 1928.3 3.1 

H2 0 0 0 0 0 0 238.8 1.0 1623.7 4.4 2483.3 5.5 238.8 0.9 1026.8 1.7 1241.7 2.0 

SNG 0 0 0 0 0 0 1268.9 5.3 8628.4 23.5 13196.4 29.2 1268.9 4.9 5456.2 9.1 6598.2 10.6 

Electricity 4096.5 18.9 4091.2 17.2 2629.3 3.3 3776.2 15.8 1505.1 4.1 54.3 0.1 3764.0 14.4 1587.4 2.6 1089.8 1.8 

Heat 1149.3 5.3 1149.3 4.8 1149.3 1.4 1149.3 4.8 1149.3 3.1 1149.3 2.5 1149.3 4.4 1149.3 1.9 1149.3 1.9 

Cold 378.8 1.7 378.8 1.6 378.8 0.5 378.8 1.6 378.8 1.0 378.8 0.8 378.8 1.5 378.8 0.6 378.8 0.6 

Ash 297.9 1.4 327.7 1.4 1090.2 1.4 327.7 1.4 500.4 1.4 607.7 1.3 357.5 1.4 822.1 1.4 849.0 1.4 

CO2 0 0 0 0 0 0 37.9 0.2 39.2 0.1 394.1 0.9 37.9 0.1 162.9 0.3 197.1 0.3 

N2 0 0 0 0 0 0 5.8 0.02 1623.7 4.4 60.0 0.1 5.8 0.02 24.8 0.04 30.0 0.05 

CO 0 0 0 0 0 0 0.1 <0.001 0.8 0.002 1.2 0.002 0.1 <0.001 0.5 0.001 0.6 0.001 

Exhaust gases 4326.9 20.0 4237.9 17.8 1676.1 2.1 3953.0 16.6 1880.1 5.1 1676.1 3.7 3848.7 14.8 1676.1 2.8 1676.1 2.7 

Ψ average - 49.9 - 52.9 - 71.7 - 49.5 - 47.2 - 48.1  52.2 - 63.4 - 62.6 
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Fig. 8.12. Grossman diagram of the polygeneration DHC system for scenario I. 

 

The exergy flow of char leaves the system, and the syngas exergy stream enters in the power unit 

for the subsequent transformation into the traditional DHC system outputs: exergy flows of heat, 

cold and electricity. 

Six exergy flows leave the system: heat, cold, electricity, char, exhaust gases and ash. Among 

them, the major contribution to the system belongs to the exergy flow of exhaust gases due to their 

incomplete utilization in the HRSG. In contrast, the exergy flow of value-added products, char in 

this scenario, does not donate a lot to the system balance – only 2.6% of the total inputs sum. 

Fig. 8.13 presents the exergetic efficiency variation of the gasification unit, the power unit and the 

entire system. For convenience the year is split in two parts: warm or cooling season (Day 122 - 

304) and cold or heating season (the rest of the year). 

 
Fig. 8.13. Exergy efficiency throughout the year for scenario I. 

 

The system exergy capability is affected mainly by the heat exchange equipment performance: the 

gasifier HEX (the gasification unit) and HRSG (the power unit). The system efficiency trend 
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resembles both items behavior. The exergy efficiency for the gasifier HEX (and the gasification 

unit) is constant in the cold period and fluctuates slightly in the warm season. During the cooling 

period the heat demand declines, and the excessive waste heat amount increases, so that the item 

irreversibility grows as well. The HRSG exergy efficiency (and the power unit) fluctuates daily. In 

the cold season, mainly the HRSG supplies with the steam WSt HEX, and in the warm period, in 

reverse, the main steam consumer is the absorption chiller. Still, the exergy of exhaust gases is not 

harvested fully throughout the year so that HRSG irreversibility fluctuates. 

Char and syngas 

In scenario II extra syngas amount at the RSG to sell = 10% is produced (unless indicated otherwise), 

so that the system value-added products are char and syngas. Some results of exergy analysis for 

this case are presented in Table 8.8. Similarly to scenario I, the value-added products (syngas and 

char) do not contribute considerably to the exergy balance of outputs; their shares are equal to 

7.6% and 2.6% of the total inputs, respectively. Still the major part belongs to the exergy of 

exhaust gases – 17.8%. 

The exergy system performance is improved (52.9%) compared to scenario I (49.9%). Fig. 8.14 

presents the exergetic efficiency trend of the gasification, power units and the entire system as a 

function with the syngas production rate. Even though the units’ performance worsens with the 

production rate growth, the system capability is improved reaching the highest value of 71.7% at 

the maximal syngas production rate RSG to sell = 266%.  

 
Fig. 8.14. Exergy efficiency as a function of RSG to sell for scenario II. 

 

Some results of exergy analysis for RSG to sell = 266% are provided in Table 8.6, while the exergetic 

efficiency throughout the year for this rate is presented in Fig. 8.15.  
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Fig. 8.15. Exergy efficiency variation throughout the year for a RSG to sell = 266%. 

 

Compared to scenario I, the gasification unit efficiency vary in the cold season while in the warm 

period it is constant. The power unit efficiency fluctuates all year, and the amplitude is higher in 

the cooling period. The HRSG capability is declined compared to other cases due to the higher 

amount of feed water inlet with the low exergy contribution. On the system level, the efficiency 

varies as well with the medium fluctuations.  

Char, SNG and H2 

In scenario III the gasifier produces an extra amount of syngas for its further conversion to SNG at 

RSG to SNG = 10% (unless indicated otherwise) so that the value-added products are char, SNG and 

H2. Figure 8.16 presents the Grossman diagram of the polygeneration DHC system for this case, 

and the system analysis results can found in Tables 8.8 and 8.9. The exergy flows displayed in the 

diagram have a contribution to the total input exergy above 0.5%, while the values for the other 

non-presented streams are listed in Table 8.8.  

 
Fig. 8.16. Grossman diagram of the polygeneration DHC system for scenario III. 
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Table 8.9. Exergy efficiencies of the SNG unit components [130]. 

Unit 
CO2 

unit I 

CO2 

unit 

II 

N2 

unit 

I 

WGS 

unit 

MET 

compressor 

MET 

unit 

Venturi 

scrubber 

CO2 

unit 

III 

CO & 

H2 unit 

N2 

unit II 

ψ,% 96.1 99.5 97.0 99.5 97.1 89.2 99.9 99.3 81.6 97.0 

 

Similarly to the previous discussed scenarios, the production of SNG in the system does not 

change the exergy flows distribution, while it alters the numbers to some extent. The contribution 

of RDF exergy flow to the overall inlet balance decreases slightly – 98.5%. Moreover, even 

though, the value-added product assortment is wider, still the exergy stream of the exhaust gases 

occupies the major share in the overall outlet exergy balance. Nevertheless, the system exergetic 

efficiency is lower than in scenarios I and II.  

Fig. 8.17 presents the system exergy efficiency as a function of the SNG production rate. With the 

SNG rate increase the system efficiency is reduced.  

 
Fig. 8.17. Exergy efficiency as a function of RSG to SNG. 

 

At the maximal RSG to SNG = 104% the system reaches an exergy efficiency value of 48.1% 

comparable with the value in scenario III. Results of the exergy analysis for this ratio are provided 

in Table 8.8, while some daily exergy performance trends are presented in Fig. 8.18. 

Similarly to the case with the maximal RSG to sell, at the scenario RSG to SNG = 104% all units and 

system efficiencies fluctuate all year around. The HRSG performance is constant throughout the 

year at the maximal SNG production. Yet, the HRSG efficiency is decreased owing to the higher 

feed water flow inlet. Furthermore, the exergy destruction related to the incomplete waste heat 

utilization is increased as the surplus heat generation from the SNG unit is “on”. Finally, 

compared to all cases the internal electricity needs are raised crucially resulting in the drop of the 

exergy electricity output. Such fall in turn is not able to be concealed by the value-added products 

exergy rise.  
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Fig. 8.18. Exergy efficiency variation throughout the year for a RSG to SNG = 104%. 

 

Char, syngas, SNG and H2 

The Grossman diagram of the system for scenario IV is presented in Fig. 8.19, while some exergy 

analysis results could be found in Table 8.8.  

 
Fig. 8.19. Grossman diagram of the polygeneration DHC system for scenario IV. 

 

The flow distribution for this scenario represents the accumulation of all scenarios. The general 

exergy scheme is unchanged while some balance numbers are modified. The proportion between 

constituents in the balance is similar to scenario III.  

As likewise to all scenarios, the exergy flow of exhaust gases occupies the major share in the 

output balance. However, the system performance in this scenario, is better compared to scenario I 

and III, and yet worse in relation to scenario II. 

The exergy system performance in connection with the syngas and SNG production rate increase 

resembles the similar trends for the independent syngas and SNG fabrication intensification. 

Hence, the growth of the syngas rate is beneficial for the overall system performance on contrary 
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to the SNG rate increase. Some results of exergy analysis for two break points (the point of the 

maximal syngas and SNG production and the point when electricity import is required) could be 

found in Table 8.8. 

8.4.4. Selected results: Exergo-economic analysis 

The exergo-economic analysis outcomes presented and discussed in this section allow estimating 

costs of the thermodynamic efficiencies for the plant [41].  

Char 

In Table 8.10 the results of the exergo-economic analysis are provided, while in Table 8.11 the 

exergo-economic costs for the polygeneration DHC system could be found.  

 

Table 8.10. Cost rates for scenario I [130].  

Unit  
Fixed cost 

𝐙𝐢, USD/h 

Inputs cost rate, 𝐂𝐢𝐧 𝐢
̇  Products cost rate, 𝐂𝐏𝐫𝐨𝐝𝐢

̇  

Stream Value, USD/h Stream Value, USD/h 

Gasification 478.8 

RDF 38.8 Syngas 921.9 

Electricity 1.5 Char 29.3 

Steam 473.9 Heat 41.7 

GT 118.4 Syngas 921.9 
Electricity 262.7 

Exhaust gases 777.6 

HRSG 35.3 

Exhaust gases 777.6 Steam 1532.4 

Condensate 719.4   

Feed water 0.1   

Thermal 

unit 
79.6 

Electricity 79.6 Condensate 719.4 

Steam 1058.5 Heat 165.0 

  Cold 253.8 

System  687.9 

RDF 38.8 
Char 29.3 

Electricity 261.1 

Feed water 0.1 
Heat 206.8 

Cold 253.8 

 

In scenario I, the general cost rates distribution is similar to the exergy flows dispersal in the 

corresponding scenario with only minor differences. As for the gasification unit, the greatest input 

cost rate is carried by the steam flow, and the smallest is brought by the RDF stream (Table 8.10). 

Similarly, the exergo-economic cost for the steam (Table 8.11) is also considerably higher than for 

RDF. Lastly, cost rates of heat, cold and electricity (the conventional DHC system products) - are 

virtually equal. When the value-added product exergo-economic costs are compared (Table 8.11), 

the char has the smallest cost, whereas the cold thermal energy has the highest.  
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 Table 8.11. Exergo-economic costs (USDGJ
-1

) for all scenarios considered [130].  
Value-added 

products 
Char Char and syngas  Char, SNG and H2  Char, syngas, SNG and H2 

Scenario Scenario I Scenario II 
Max 

RSG to sell 
Scenario III Wim = 0 

Max 

RSG to SNG 
Scenario IV Wim = 0 

Max RSG to sell 

and RSG to SNG 

RSG to sell 0 10% 266% 0 0 0% 10% 133% 133% 

RSG to SNG 0 0 0% 10% 68% 104% 10% 43% 52% 

Inputs          

RDF 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Feed water 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

Electricity - - - - - 7.6 - - 1.1 

Products          

Char 14.2 13.4 6.1 14.5 11.6 10.3 13.6 7.8 7.7 

Syngas - 13.4 6.1 - - - 12.2 6.9 6.7 

SNG - - - 31.9 18.8 15.6 30.1 14.1 13.6 

H2 - - - 31.9 18.8 15.6 30.1 14.1 13.6 

Electricity 17.7 16.8 8.3 16.2 11.5 10.2 15.5 9.3 9.1 

Heat 43.2 34.8 6.1 30.9 13.3 13.0 25.9 8.9 9.0 

Cold 177.6 163.0 52.9 150.7 80.3 61.6 143.2 55.6 56.3 

  

 



 
 

68 

 

Char and syngas 

In scenario II the overall cost rate dispersal is alike to scenario I with numbers slightly changed. 

Some results of exergo-economic system analysis could be found in Table 8.11. For example, the 

fixed cost for the gasification unit is slightly higher while the value-added product exergo-

economic costs decreased. The char cost is reduced due to the intensification of syngas production 

for which products are cheaper at greater RatioSGtosell. The cost of heat decreases as well since 

the bigger part of heat load is produced through waste heat exploitation in the gasification unit at 

lower cost. The falling of cold cost can be attributed to the growth of cold production via the 

compression chillers. Finally, the electricity cost reduction is attributed to the less expensive 

syngas at the GT inlet. 

Fig. 8.20 presents the exergo-economic costs in relation to the syngas production rate. As it could 

be seen, with the syngas production rate increase costs are dropping. They achieve the lowest 

values at the maximal syngas production rate which could be considered as the most rewarding 

case for the polygeneration DHC system. Some results of exergo-economic analysis for this case 

are presented in Table 8.11.  

 

Fig. 8.20. Exergo-economic costs as a function of RSG to sell. 

 

Char, SNG and H2 

In scenario III the universal cost rate dispersal is analogous to scenarios I and II with numbers 

altered. Exergo-economic costs for the electricity, heat and cold (Table 8.11) are slightly lower 

than in scenarios I and II associated with factors identified in the previous sections. Yet, the 

exergo-economic costs for SNG and H2 production are noticeably higher in contrast to the cost of 

syngas. And the cost of char is increased too as in this case the char partly is generated in the SNG 

unit at the greater cost.  
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Fig. 8.21 presents the exergo-economic costs in relation to the SNG production rate. As it could be 

seen from the graph, the intensification of SNG production causes costs for all products to decline 

analogously to the SNG production amplification. Consequently, at the maximal syngas 

production rate the costs reach their minimal values, which are still higher than products costs in 

the maximal syngas production case. Some results of exergo-economic analysis for the lately 

mentioned case are presented in Table 8.11.  

 
Fig. 8.21. Exergo-economic costs as a function of RSG to SNG. 

 

Char, syngas, SNG and H2 

In scenario IV the overall cost rate dispersal resembles superposition of scenarios I-III with some 

numbers improved. Some results of exergo-economic analysis for this case are presented in Table 

8.11. Exergo-economic costs for all system products with exception of the char are lowered. The 

reasons for later are identified and discussed in the previous chapters. Analogously to the 

autonomous amplification of SNG or syngas fabrication the simultaneous intensification of SNG 

and syngas production causes the exergo-economic costs to decrease. They reach their minimal 

values at the maximal SNG and syngas production rates. Some results of exergo-economic 

analysis for this case are presented in Table 8.11.  

Even though the obtained costs are lower than for the maximal independent SNG fabrication; yet 

they are greater than for the maximal autonomous syngas production. 

Additionally for reference, in Table 8.11 the main exergo-economic evaluation outputs are 

provided for RatioSGtosell and RatioSGtoSNG when the electricity import is required.  
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8.5 Impact of the heating, cooling and electricity supply reduction on a 

polygeneration district heating and cooling system based on waste gasification 

(Paper V) 

8.5.1 Summary 

In Papers I – IV it was considered that the heating, cooling and electricity loads were unchanged 

irrespective of the sub-products mix or the key parameter variation. In addition, in all articles RDF 

was applied as the main fuel for the polygeneration DHC system.  

The main objective of this study is to evaluate impact of the heating, cooling and electricity supply 

reduction on the polygeneration DHC system supplied by MSW and RDF from thermodynamic, 

exergy, economic and environmental perspectives. The study revealed that with the thermal 

energy supply and electricity production decrease the system is still capable to deliver 

simultaneously heating, cooling, electricity and value-added products (synthetic natural gas, 

syngas, char and hydrogen).  

8.5.2 Methodology 

See Chapters 3-5 and 7. 

8.5.3 Selected results: Thermodynamic analysis – RDF  

Char  

In Table 8.12 results of the thermodynamic analysis for the full GT load and heating/cooling 

supply are presented for all scenarios discussed in this chapter.  

In the scenario when char is solely sub-product of the polygeneration DHC system the RDF input 

and char outputs are decoupled from heating/cooling load variation, though they decline with the 

GT load decrease. At the LGT = 25%, the annual RDF demand is 8.5 kton/year, whereas the char 

fabrication reaches 0.1 kton/year.  

The thermal energy load share can be changed in the range 0 – 100% for LGT = 75 and 100%. 

When LGT = 50% the biggest value Ltherm to be achieved is only 70%, and for LGT = 25% this 

number is even lower – 36%. At lowered LGT the absolute steam generation capacity reduces. 

Syngas demand by the GT is decreased. Consequently the exhaust gases flow through HRSG and 

absolute HRSG steam generation capacity decrease. And the produced steam amount is not 

capable to cover the nominal heating supply.  

 

 

 

 

 



 
 

71 

Table 8.12. Results of the thermodynamic analysis for the full GT load and heating/cooling supply. 

Fuel RDF MSW RDF MSW RDF MSW RDF MSW 

Case Char 
Char and 

syngas 
Char, SNG and H2 

Char, syngas, 

SNG and H2 

Ratiosell,% 0 0 266 60 0 0 133 30 

RatioSNG,% 0 0 0 0 104 34 52 17 

Annual consumption/production, kton: 

Fuel 34.1 [48] 79.5 124.8 127.5 69.6 [129] 106.6 97.2 117.1 

Char 0.5 0.6 1.9 1 1.6 [129] 1 1.8 1 

Syngas 0 0 151.4 39.0 0 [129] 0 75.7 19.6 

SNG 0 0 0 0 8.2 [129] 2.7 4.1 1.4 

Hydrogen 0 0 0 0 0.6 [129] 0.2 0.3 0.1 

Thermodynamic parameters  

Surplus heat 

excess,% 

Min 0 0 31.5 0 12.4 0 23.0 0 

Max 35.1 41.9 82.2 65.0 77.3 65.0 80.0 65.0 

Average exhaust gases 

potential utilization,% 
74.8 97.7 100 100 100 100 100 100 

Average daily electricity flows, MWh: 

Export  98.3 90.4 63.1 63.3 1.3 [129] 37.9 26.2 50.7 

Import  0 0 0 0 13.1 [129] 0.01 0.5 0 

Average daily cold supply, MWh: 

Absorption chiller  177.5 142.9 0.6 2.7 1.9 [129] 1.1 1.2 2.0 

Compression chiller  0.3 34.9 177.2 175.1 175.9 [129] 176.7 176.6 175.8 

Average daily heat supply, MWh: 

Surplus heat  116.8 125.7 164.6 152.4 164.6 [129] 152.4 164.6 152.6 

WSt HEX  47.8 38.9 0 12.2 0 12.2 0 12.0 

Daily average efficiency,% 

Cogeneration  49.8 [48] 23.8 11.8 13.6 15.3 [129] 14.3 12.7 13.9 

Trigeneration  83.6 [48] 40.4 21.0 23.8 31.5 [129] 26.6 24.5 25.0 

 

Figs. 8.22 and 8.23 show cogeneration and trigeneration efficiencies at Ltherm for LGT equal to 25, 

50, 75 and 100%.  

When there is no heating/cooling supply provided, the system cogeneration and trigeneration 

efficiencies are equal 18.6% and independent from LGT value. RDF demand increases 

proportionally with the electricity output from the GT. At the higher Ltherm growth at set LGT the 

system performance increases related to better waste heat and exhaust gases potential utilization. 

 
Fig. 8.22. Cogeneration efficiencies in function with Ltherm at the different GT loads. 
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Fig. 8.23. Trigeneration efficiencies in function with Ltherm at the different GT loads.  

 

Similarly at fixed Ltherm and lower LGT the system capability rises due to the similar reasons. As a 

result, the polygeneration DHC system has the highest cogeneration and trigeneration efficiencies 

for LGT = 25% and Ltherm = 36% equal respectively 61.9% and 110.5%.  

Char and gas  

Outcomes of the thermodynamic analysis for this case are similar to the previous case with some 

numbers altered.  

For the lowest LGT value mass rates of RDF and sub-products are 31.2 kton/year (RDF), 37.9 

tons/year (syngas) and 0.5/year (char). Ltherm might be varied in the interval 0 – 100% (LGT = 75 

and 100%). Yet for LGT = 25 and 50% this range is smaller to 0 – 35% and 0 – 75% 

correspondingly. 

Trends of cogeneration and trigeneration efficiencies resemble curves obtained for a case of char. 

For zero Ltherm, cogeneration and trigeneration efficiencies are 5% for any LGT value. For higher 

Ltherm and lower LGT the system performance enhances. So that at LGT = 50% and Ltherm = 75% 

efficiencies are 16.0 and 30%. 

Char, SNG and H2 

The results of the thermodynamic analysis for this case are similar to the other scenarios with 

numbers changed. At LGT = 25% annual RDF demand reaches 17.4 kton/year, while by-products 

annual outputs are 2 kton/year (SNG), 0.4 kton/year (char) and 0.2 kton/year (H2) 

On contrary to char and syngas and only char production cases, Ltherm can be varied in the range 0 

-100% only for the GT load 100%. For other LGT values this range is narrower: 0 – 85% (LGT = 

75%), 0 – 55% (LGT = 50%) and 0 – 28% (LGT = 25%). When Ltherm is greater, the system is 

unable to satisfy heating demands in particular. 

In total, the system performance resembles the previously discussed cases. At Ltherm = 0%, the 

system performance is poor with efficiencies only around 2%. With Ltherm growing the system 
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capability improves. The similar effect is caused by the LGT reduction. At LGT = 75% and Ltherm = 

85% the system cogeneration and trigeneration efficiencies have the highest values – 17.2 and 

35.4% respectively.  

Char, syngas, SNG and H2 

Conclusions drawn from the thermodynamic analysis for this case are alike to the simultaneous 

production of SNG, char and hydrogen. As at LGT = 25% and without any thermal energy supply 

fuel and products mass rates are minimal: 24.3 kton/year (RDF), 1.0 kton/year (SNG), 18.9 

kton/year (syngas), 0.4 kton/year (char) and 0.08 kton/year (H2). 

At zero heat/cold load the cogeneration and trigeneration efficiencies are the lowest and equal 

3.9%, while at LGT = 75% and Ltherm = 100% they are the highest – 15.8 and 31.5%.  

8.5.4 Selected results: Thermodynamic analysis - MSW 

Char 

When RDF is substituted with MSW the major outcomes of the thermodynamic analysis are not 

affected. Yet the numbers are modified. MSW mass rate is significantly higher while the char 

yield rise is roughly unchanged. For LGT = 25% the mass rates are 19.9 kton/year of MSW and 

0.15 kton/year of char. Compared with the system operation on RDF, the highest achievable Ltherm 

are 100% (LGT = 100%), 75% (LGT = 75%), 50% (LGT = 50%) and 25% (LGT = 25%). The 

cogeneration and trigeneration efficiencies increases from 9.1% for zero Ltherm at any LGT till 23.8 

and 40.4% respectively (at LGT = Ltherm = 100%).  

Char and syngas 

In contrast to the concurrent char and syngas production on RDF in this case syngas production 

rate Ratiosell fluctuates all year with the greater fluctuations occurring in the heating season. The 

average Ratiosell value provided might be found in Table 8.12. 

At the fixed LGT mass rates of fuel and products do not change with Ltherm till certain Ltherm value 

after which along with the Ltherm increase both flows are decreasing. For LGT – 25, 50, 75 and 

100% - these Ltherm are respectively 0, 25, 50 and 75%. After certain Ltherm the absolute HRSG 

steam generation capacity is not sufficient to satisfy the WSt HEX demand, therefore the by-

products output should be reduced in order to have lower steam consumption by the gasifier. The 

bottommost mass rates of fuel and products occur for Ltherm = LGT = 25%: 32.1 kton/year of MSW, 

9.9 kton/year of syngas and 0.2 kton/year of char. 

The major outcomes of the energy analysis are comparable to the case of char production on RDF 

with some numbers changed. The cogeneration and trigeneration efficiency grow from 5.4% (at 
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zero heating/cooling supply at any LGT) till respectively 24.2 and 41.5% (at Ltherm = 75% and LGT 

= 75%).  

Char, SNG and H2 

The major outcomes of the thermodynamic analysis are alike to the case of the simultaneous char 

and syngas production on MSW with figures updated. So for Ltherm = LGT = 25% mass rates of 

MSW and products are 26.6 kton/year of MSW, 0.7 kton/year of SNG, 0.2 kton/year of char and 

0.01 kton/year of H2.  

When compared to the syngas and char fabrication on RDF, the system performance is slightly 

worsened related to the decreased electricity output. For instance, at zero heat/cold output and GT 

load 25%, efficiencies are equal to 4.8%. 

Char, syngas, SNG and H2  

The principal conclusions from the thermodynamic analysis look alike to the syngas and char 

production. At Ltherm = LGT = 25% 29.4 kton/year of MSW is recycled, while 0.3 kton/year of 

SNG, 5 kton/year of syngas, 0.2 kton/year of char, 0.03 kton/year of char are made. The 

cogeneration and trigeneration efficiencies vary from 5.1% at Ltherm = 0% till the topmost values 

13.8 and 25.0% at Ltherm = LGT = 25% respectively. 

8.5.5 Selected results: Exergy analysis - RDF 

Char 

Table 8.13 lists some results of the exergy analysis for Ltherm = 100% and LGT = 100% for this case 

and other sub-products assortments scenarios. Figs. 8.24 to 8.26 show the exergetic efficiency of 

the gasification, power units and the entire system as a function of Ltherm at the different GT loads. 

In the same way as the first law system efficiencies, the exergetic efficiency of the gasification 

unit at the zero Ltherm are constant (83%) for any LGT value. As bigger LGT is the syngas exergy 

flow grows along with the exergy flow of RDF. At the set LGT value with the greater Ltherm, the 

unit performance enhances as exergy losses in the gasification HEX are decreasing.  

Table 8.13. Results of the exergy analysis for the full GT load and Ltherm = 100%. 

Fuel RDF MSW RDF MSW RDF MSW RDF MSW 

Case Char Char and syngas Char, SNG and H2 
Char, syngas, SNG 

and H2 

Ratiosell,% 0 0 266 60 0 0 133 30 

RatioSNG,% 0 0 0 34 104 34 52 17 

Exergetic efficiency  

Gasification unit 86.5 [130] 40.3 84.4  39.9 84.0  39.8 84.2  39.9 

Power unit 59.0 [130] 54.3 54.8  56.5 56.0  56.7 55.4  56.6 

SNG unit - - - - 68.0  66.9 68.0  66.9 

Entire system 50.1 [130] 17.5 71.7 [130] 24.2 48.1 [130] 18.3 63.0 [130] 21.6 
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Fig. 8.24. The exergetic efficiency of the gasification unit as a function with Ltherm at the different GT 

loads. 

 
Fig. 8.25. The exergetic efficiency of the power unit as a function with Ltherm at the different GT loads. 

 
Fig. 8.26. The exergetic efficiency of the entire system as a function with Ltherm at the different GT loads. 

 

Similarly to the gasification unit, at Ltherm = 0 the power unit efficiency is 82.6% for any LGT. 

However, at the non-variable LGT and Ltherm increase the power unit capability worsens as far the 

HRSG efficiency declines. Moreover, exergy flow of electricity decreases along with higher Ltherm 

as more exergy of cold is produced in the compression chiller. Furthermore, at the set Ltherm, the 

exergetic efficiency of the power unit reduces with lower LGT attributed to the similar reasons.  

In total, at Ltherm = 0 the system exergetic efficiency is 34% at any GT load. With the LGT decline 

at fixed Ltherm or at the unchanged LGT with lower Ltherm the performance enhances. Comparably, 
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the system efficiency grows at set LGT with Ltherm increase. It might be related to that the 

gasification unit has a greater impact on the system exergetic performance.  

Char and syngas  

In case of char and syngas production trends for the gasification, power units and the entire system 

exergetic efficiencies resemble those for the previous case.  

The power unit efficiency at Ltherm = 0 is 60.0% for any LGT or Ltherm. For lower Ltherm or higher 

LGT, the unit capability improves due to the reasons elaborately discussed above. 

Yet, the entire system efficiency fluctuates marginally. Decline in the power unit efficiency with 

the Ltherm growth is well compensated by the positive contribution from the exergy flow of syngas 

and char.  

Char, SNG and H2 

For this scenario the gasification, power units and the entire system exergetic efficiencies behavior 

are alike the trends behavior for the previously discussed by-products scenarios with numbers 

modified. The power unit efficiency at Ltherm = 0 is 61.4%.  

The SNG unit efficiency when no heating or cooling supplied is 65.3%. Similarly to the 

gasification unit with the thermal energy load share increase or with LGT decline the unit 

performance improves as more surplus heat is recovered for heat load supply. In total, the system 

efficiency fluctuates slightly.  

Char, syngas, SNG and H2 

Dynamics of the gasification, power units and the entire system exergetic efficiencies in relation 

with LGT and Ltherm is similar to other scenarios with numbers changed. As power unit and the 

system efficiencies are respectively 60.7% and 62.8% at Ltherm = 0. 

8.5.6 Selected results: Exergy analysis - MSW 

Char  

When MSW is used as the fuel major outcomes of the exergy analysis are comparable the 

polygeneration DHC system operation on RDF. The exergetic efficiency of the gasification unit is 

considerably lower – 38.6% at Ltherm = 0 for any LGT. The gasifier performance is decreased, and 

the irreversibility in the gasifier HEX is grown. Moreover the power unit exergetic efficiency is 

slightly reduced -73.6% at Ltherm = 0 for any GT load. In total, the entire system performance is 

declined considerably - only 23.4% for Ltherm = 0 and any LGT. 
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Char and syngas 

The units and system performance is alike to the previous case with numbers modified. The power 

unit efficiency is 62.1% at Ltherm = 0 at any LGT. At the same time, the entire system efficiency 

decreases marginally. Contrarily to the simultaneous char and syngas production reduction in units 

performance could not be compensated by the positive contribution of the exergy flows of value-

added products. 

Char, SNG and H2 

The dynamics of units and the system efficiencies trends bear resemblance to the case of the SNG 

char and H2 production on RDF or for syngas and char fabrication on MSW. When no heating or 

cooling is provided to the customers the gasification unit, the power unit, the SNG unit and the 

system exergetic efficiencies have the corresponding values 38.6%, 62.4%, 64.3% and 18.4%.  

Char, syngas, SNG and H2 

Units and the system exergetic performance in function with LGT and Ltherm is alike to other 

scenarios with different figures. At Ltherm = 0 and any LGT the gasification unit, the power unit, the 

SNG unit and the system efficiencies are equal correspondingly 38.6%, 64.3%, 62.2% and 21.8%. 

8.5.7 Selected results: Economic analysis - RDF 

Char  

In Table 8.14 some results of the economic analysis for LGT = 100% and Ltherm = 100% are 

provided for this and other scenarios of value-added products assortments.  

Table 8.14. Results of the economic analysis for the full GT load and Ltherm = 100%. 

Fuel RDF MSW RDF MSW RDF MSW RDF MSW 

Case Char 
Char and 

syngas 
Char, SNG and H2 

Char, syngas, 

SNG and H2 

Ratiosell,% 0 0 266 60 0 0 133 30 

RatioSNG,% 0 0 0 34 104 34 52 17 

CapEx, mln USD 25.9 [48] 38.7 49.8 51.5 36.1 [129] 46.3 43.1 48.7 

Annual OpEx, mln USD 3.9 [48] 4.2 6.0 4.9 5.0 [129] 4.6 5.4 4.7 

Annual Revenues, mln 

USD 
20.8 [48] 21.9 57.2 30.6 31.4 [129] 25.5 44.2 28.0 

sub-products 0.01 [48] 0.01 36.9 8.4 12.1 4.0 24.5 6.19 

heat 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.9 

cold 14.4 14.4 14.4 14.4 14.4 14.4 14.4 14.4 

DNCF, mln USD 142.4 [48] 137.8 458.8 205.4 227.5 [129] 162.3 343.1 184.2 

Payback, years 3 [48] 4 3 4 3 [129] 4 3 4 

 

At fixed LGT the system CapEx are growing with higher Ltherm from 23.0 till 25.9 mln USD (for 

LGT = 100%). In order to supply more heating or cooling the investments in the WSt HEX and 

chillers needs to be increased. Operational expenses are also escalating with a rise in Ltherm for the 
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given LGT since maintenance and insurance costs increase. Besides, at higher LGT values for 

constant Ltherm, OpEx growth is related to the fuel cost increase. Predictably, the revenues increase 

with the growing heating/cooling supply and electricity production.  

Fig. 8.27 presents the DNCF in the function with Ltherm and LGT. At zero Ltherm the total DNCF are 

negative for any Ltherm and LGT, and a payback is equal to the project lifetime, making the 

configuration unattractive for the investment. With the higher Ltherm, DNCF are increasing, and the 

payback period shortens as revenues are growing faster than operational expenses. The highest 

DNCF value is achieved for LGT = 75% and Ltherm = 100%. DNCF grows as well along with the 

lower GT load for given Ltherm for the reason that CapEx and OpEx decrease. 

 
Fig. 8.27. Discounted net cash flows as a function with Ltherm at the different GT loads. 

 

Char and syngas 

Economic parameters dynamics in function with the GT load and Ltherm is comparable to the 

discussed in the previous case. For LGT = 25% and Ltherm = 0, CapEx, annual OpEx, annual 

revenues and DNCF are correspondingly 21.1, 3.7, 9.6 and 38.6 mln USD. CapEx are higher due 

to the increased cost of the gasifier “island” and accordingly increased costs on the equipment 

installation, the project engineering and the contingency. OpEx are increased as more fuel is 

consumed plus maintenance or insurance costs are grown. At the same, revenues are gone up due 

to greater by-products sales. The payback period (3 years) does not change with LGT or Ltherm 

variation. Even for the worst scenario at LGT = 25% and Ltherm = 0, when the revenues are the 

lowest, their amount is sufficient to return initial system investments and to overlay the 

operational expenditures.  

Char, SNG and H2 

Economic parameters trends as a function of LGT and Ltherm are virtually the same as in previously 

discussed value-added product scenarios. Though compared with the case of the simultaneous 

syngas and char production capital, operational expenses and revenues are lower (respectively, 

15.7, 3.2 and 3.1 mln USD at LGT = 25% and Ltherm = 0). Cumulatively for LGT = 25% and Ltherm = 
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0, DNCF values are negative (-16.2 mln USD). Furthermore, in contrast to the simultaneous char 

and syngas production case, the CapEx payback period is decreasing with Ltherm and LGT growth 

from 22 years (LGT = 25% and Ltherm = 0) till 3 years (LGT = 100% and Ltherm = 100%). 

Char, syngas, SNG and H2 

Economic parameters vary with LGT and Ltherm similarly to the case of SNG, char and H2 

production. At LGT = 25% and zero heating/cooling supply CapEx, annual OpEx, annual revenues 

and the total DNCF are equal respectively 42.0, 5.4, 25.4 and 158.3 mln USD, and the payback 

period is less, only 3-4 years.  

8.5.8 Selected results: Economic analysis - MSW 

Char  

The main outcomes of the economic evaluation for this case mostly follow those for char 

production with RDF. To start with CapEx is slightly higher due to the greater gasifier “island” 

cost: with LGT = 25% and Ltherm = 0, CapEx is 16.6 mln USD. At the same time the expenses on 

the operation are reduced somewhat even though MSW demand is considerable if compared to the 

cases with RDF utilization. For LGT = 25% and Ltherm = 0, OpEx is only 3.2 mln USD. In all 

scenarios gate fees attributed to MSW have a significant impact on revenues. For the worst 

scenario when no heat/cold is supplied and 25% GT load, revenues reach 0.66 mln USD. At the 

lowest LGT (below than 50%) and Ltherm (lower than 50%) rates the investment is not attractive as 

DNCF either negative or very small.  

Char and syngas  

For the zero heat/cold supply and LGT = 25% CapEx, annual OpEx and revenues equal 21.7, 3.4, 

3.1 mln USD, respectively, which is in line with findings from RDF scenarios. On other hand, in 

contrast to the char and syngas production on RDF the system operation at GT loads 25 and 50% 

without any thermal energy supply is less favorable. DNCF values are negative while the 

investment payback is equal to the project lifetime. The syngas and chare sales cannot suffice the 

revenues decline from electricity or thermal energy retailing.  

Char, SNG and H2 

Here, with LGT = 25% and Ltherm = 0, CapEx, annual OpEx and revenues are 19.6, 3.3 and 1.7 mln 

USD, respectively. The system operation is promising when Ltherm is higher than 25%. 

Char, syngas, SNG and H2 

The main economic analysis outcomes are comparable to the previously discussed scenarios. 

Without the thermal energy supply and LGT = 25%, the capital and annual operational costs are 
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20.7 and 3.3 mln USD correspondingly, while the annual revenues reach only 2.4 mln USD. 

Similarly to simultaneous char, SNG and H2 production, the project might be only promising for 

investment for Ltherm greater than 25%. 

8.5.9 Selected results: Environmental analysis - RDF 

In Table 8.15 some results of the environmental analysis for LGT = 100% and Ltherm = 100% are 

provided for all value-added product assortments. 

For cases where char is sole value-added product, the avoided carbon emissions are independent 

from Ltherm for a given LGT. At the same time, as LGT declines the avoided emissions grow 

marginally. The CO2 emission factor for electricity for the given LGT is independent from Ltherm. 

Yet along with LGT decrease, the factor declines slightly. CO2 cogeneration and trigeneration 

factors decrease with Ltherm growth at fixed LGT or for the given Ltherm at reduced GT loads. For the 

Ltherm = 0 all emissions factors are alike. 

Table 8.15. Results of the environmental analysis for the full GT load and Ltherm = 100%. 

Fuel RDF MSW RDF MSW RDF MSW RDF MSW 

Case Char 
Char and 

syngas 

Char, SNG and 

H2 

Char, syngas, 

SNG and H2 

Ratiosell,% 0 0 266 60 0 0 133 30 

RatioSNG,% 0 0 0 34 104 34 52 17 

Avoided carbon emissions, 

kton/year 
32.9 32.9 32.9 32.9 9.4 22.9 21.1 28.0 

CO2 emissions factors, g/ kWh 

𝐶𝑂2𝑦𝑒𝑙𝑒𝑐 0.03 0.09 0.2 0.2 473.5 200.8 236.8 100.4 

𝐶𝑂2𝑦𝑐𝑜𝑔 0.01 0.04 0.09 0.08 214.3 90.9 107.2 45.4 

𝐶𝑂2𝑦𝑡𝑟𝑖𝑔 0.01 0.03 0.05 0.05 134.6 57.1 67.3 28.5 

 

In all scenarios the main outcomes of the environmental analysis with respect to dynamic features 

are similar to the case when char is the sole value-added product. Carbons emissions factors 

(Table 8.15) are considerably grown as more RDF is consumed. In the case of char, SNG and H2 

production the avoided CO2 emissions are significantly reduced due to the high emissions from 

the SNG unit operation. Accordingly, emissions factors are considerably increased.  

8.5.10 Selected results: Environmental analysis - MSW 

The trends of the environmental indicators for each scenario (char; char and syngas; char, SNG 

and hydrogen, and all products) as a function of LGT and Ltherm are comparable to the cases with 

RDF as the main fuel (Table 8.15). Environmental parameters are slightly improved for all cases 

with the exception of char production.  



 
 

81 

8.6 Discussion  

This section provides additional explanations related to key limitations of the analysis approach, 

and provides perspectives on a number of issues: 

 First of all, tars were excluded from the gasification model. It is well known that their 

production in the gasifier and later removal from the syngas flow are often regarded as major 

obstacles to be overcome commercially. The tar content in the product gas might be reduced 

in-situ by the proper gasifier design and appropriate operating conditions (gasification 

temperature, pressure, medium, residence time and equivalence ratio). Nevertheless, syngas 

must be stripped from remnants of tar as the power equipment has, in general, strict purity 

requirements. The post-cleanup of the product gas could be done either physically (in barrier 

filters, wet electrostatic precipitators, wet scrubbers) or via cracking process [25]. Although 

the approach taken in this investigation oversimplified tar issues from both thermodynamic 

and economic perspectives, the overall findings are judged to remain valid.  

 The other model limitation is that the stoichiometric gasification models in whole tend to 

underestimate CH4 content. Utilizing higher methane compositions would lead to a drop in 

syngas and SNG production along with reduced steam availability. These two factors are 

assumed to balance each other in the overall system assessment.  

 In this study MSW and RDF are considered carbon neutral [124]. Other settings might require 

adoption of a different policy towards these energy sources. For such cases the environmental 

indicators of the polygeneration DHC system might be worse compared to the use of natural 

gas.  

 Solid waste is relatively inexpensive, and its management is often subsidized by 

municipalities [114]. However, it must be acknowledged that currently MSW or RDF markets 

are not well established in Portugal [128] and other countries. The creation or the expansion 

of existing markets could result in a fuel price growth [114]. In this case total discounted net 

cash flows will decrease while payback for the investment return would grow. Besides, the 

prices of char, syngas and SNG have also a great degree of uncertainty, as they are relatively 

new products for the market. With their demand increase, their prices would tend to drop, 

which might worsen the economic indicators for the polygeneration DHC system.  

 The thesis results might be relevant for small or middle-sized district heating and cooling 

systems and combined heat and power plants in metropolitan areas. The system equipment 

may differ, though the findings might be more relevant for the systems containing a HRSG. 

The natural gas substitution with syngas leads to an increase in exhaust gas mass flow, which 
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should be utilized somehow in the plant (in the HRSG, in particular) and not be diverted to 

the environment directly.  

 Results are dependent upon the selection of key equipment in the system. For instance, for the 

case with absorption chillers for cooling supply the maximal yields of value-added products 

might be decreased since more steam would be needed for the chillers. Correspondingly 

economic indicators may be lowered, while thermodynamic parameters can be improved. As 

with the increased steam consumption problems with surplus heat and exhaust gases potential 

utilization would be handled to some extent.  

 Different heating and cooling loads would modify the study outcomes. When no cooling is 

supplied, for instance, thermo-economic parameters might be worsened. The exhaust gases 

potential utilization would decline, and revenues without cooling as the income source are 

reduced. 

 Furthermore, certainly the fuel type substitution would impact the results. Possibly, instead of 

MSW and RDF other biomass resources can be used in the polygeneration DHC system such 

as wood, wood-derived resources, landfilled biomass or sludge. The extent of the thermo-

economic parameters deviation from the case when RDF or MSW is the main fuel to another 

fuel depends solely on fuel composition and price. Feedstocks available at low cost or with 

subsidies are desirable.  

 The issue of the relatively low payback periods (3-4 years) found in the investigation merits 

further attention. Such rapid investment return can be attributed to several reasons. Firstly, it 

is considered that the market has limitless demand for all value-added products. However, 

these products might have in return considerably variable demands, which depend on the 

fossil fuel market prices or renewable resources (energy) policies for the country where the 

polygeneration DHC system might be located. Secondly, the cost of the district heating and 

cooling networks installation was excluded from the capital expenses costs. For the DHC 

systems, which have such a cost in the CapEx balance sheet, the payback period would 

increase. Furthermore, the equipment costs were estimated using the cost functions, which 

might differ from the actual market conditions, particularly for the “gasifier island”. 

Furthermore, since the tariff on cooling has significant value [5], cold sales revenues have 

significant contribution to the total revenues – nearly 70% for the case of the RDF. If the tariff 

is decreased by 50%, the payback increases to 4 years for the same scenario. It is interesting 

to note that even though prices of syngas or SNG assumed in this study are quite high, they do 

not have an impact on the payback period. The payback is the same while they are varied; yet 

the discounted net cash flows decreases. 
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Chapter 9 

9 Closure 

9.1 Conclusions  

As a whole the renewables-based polygeneration retrofit concept employing a gasifier and gas 

upgrading equipment was proven to be an energy-conserving and cost-effective improvement for 

the DHC system under investigation. To study such a retrofit energy, economic, exergy, exergo-

economic and environmental models were built in EES and Matlab software. 

The polygeneration DHC system can handle both RDF and MSW feedstocks, providing final 

customers with the required thermal energy along with electricity with very low and no direct 

carbon emissions. Thermo-economic parameters are less favourable for MSW as compared to 

RDF feedstocks, but are still acceptable.  

SNG production in the polygeneration DHC system is technically feasible and economically 

viable. At the basic scenario (SNG production rate 10%) and RDF as a fuel the polygeneration 

DHC system produces annually 60.3 GWh of heat, 65.1 GWh of cold, 33.2 GWh of electricity and 

789.5 tons of SNG. The capital investment in the system required is 26.4 mln USD, while 

discounted net cash flows are 151.7 mln USD; and payback for the investment return is 3 years. 

Different sets of value-added products assortment (char; char and syngas; char and SNG (H2); 

char, syngas and SNG (H2)) were evaluated and compared from energy, economic, exergy and 

exergo-economic viewpoints. From energy perspective when char is only by-product the system 

performance is acceptable. The average trigeneration efficiency is equal to 83.6%. When other 

value-added were co-produced the system efficiency declines, although all by-products cases were 

found to be economically viable. The highest discounted net cash flows sum value comes from the 

simultaneous char, syngas and SNG production, while the lowest value is for the char production. 

The investment payback period is approximately 3 years for all scenarios studied. Amongst cases 

evaluated from energy standpoint, the most promising case is the char-only case, whereas the 

simultaneous char, syngas and SNG production is the most favorable from the economic outlook. 

From the exergetic and exergo-economic perspectives, the introduction of the gasification and 

SNG units is favorable for the system performance even in case of the minor value-added product 

variety – production of char only. Among four cases studied, the scenario of the simultaneous char 

and syngas production is the most favorable as the overall exergy efficiency is the highest value 

whereas products exergo-economic costs are the lowest. From a product diversity viewpoint, the 

simultaneous production of char, SNG, syngas and H2 can be very beneficial. In this case the 
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system efficiency is lower than in the scenarios of char or char and syngas production, but greater 

than in the scenario of the char, SNG and H2 production. At the same time exergetic costs have 

reasonable values. 

The growth of syngas and SNG production rates has controversial impact on thermodynamic and 

economic parameters. With rates increase energetic performance worsens: both cogeneration and 

trigeneration efficiencies are reduced, as both surplus heat excess and internal system electricity 

demand grow. In contrast, the exergetic performance improves due to the positive weight of the 

by-products exergy in the outputs balance. At the same time, discounted net cash flows increase 

with the SNG and syngas production rate growth, while the payback period is not affected and 

remains equal to 3 years. Even though both capital and operational expenses rise with greater 

rates, such an increment is well compensated by revenues boost from the value-added products 

sales.  

The variation of the gasification operating parameters also influences the system performance. 

Increase in S/C and ER ratios is beneficial for concurrent syngas and char production, while 

increase of S/C and decrease of ER favor SNG and char production.  

In terms of seasonal dependencies the heating season is preferable for all value-added products 

supply with regards to the system thermodynamic performance. If possible char and syngas or 

char, syngas and SNG should be produced in the cooling period. The simultaneous concurrent 

char and SNG production is more advisable in the heating season. 

Despite the heat/cold or electricity supply variation the polygeneration DHC system is able to 

produce simultaneously both traditional DHC system outputs and value-added products. However, 

with declining heating and cooling loads the total mass flows of sub-products decrease 

proportionally. Moreover, at the greater thermal energy load share and the GT load the issue of 

underutilized exhaust gas thermal potential has a lower impact on the system capability. The 

system performance is therefore improved. The decrease of the thermal energy load share and the 

GT load values is not favorable for the economic indicators, although the system operation might 

be still feasible and economically viable. In particular, the case of the char production on RDF and 

all scenarios of value-added products assortments on MSW have long investment payback and 

low discounted net cash flows. From the environmental perspective, the GT load reduction or the 

thermal energy load share increase are positive for the polygeneration DHC system performance. 

The system layout, equipment parameters, different heating and cooling loads may alter the study 

outcomes. However, the overall conclusions of this study can be still generalized to small or 

middle-sized district heating and cooling systems and combined heat and power plants in 

metropolitan areas. 
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9.2 Suggestions for future work 

As a possible continuation of this study the value-added products and resources assortment might 

be extended. Additionally to RDF and MSW, combination of sludge with wood or landfilled 

MSW might be applied as the main fuel for the polygeneration DHC system. In addition to 

syngas, char, SNG or hydrogen, other products as methanol, ethanol and Fisher-Tropsch diesel 

could be evaluated as potential by-products. 

Moreover, the polygeneration DHC system models could be improved to a higher degree of 

complexity. All model drawbacks mentioned in the previous sections may be brought down to a 

minimum. For example, the accuracy of the CH4 prediction in the gasifier model might be 

improved by empirical coefficients introduction into equilibrium constants expressions. The 

present gasifier model could be replaced by a non-stoichiometric one.  

Finally, the proposed set of the value-added products and resources might be assessed from the 

thermodynamic, exergy, economic and environmental viewpoints for DHC systems in other 

locations. In these locations the cooling and heating loads would differ considerably compared to 

the specific present case study. Additional case studies are warranted in order to examine the full 

potential of this study approach in other settings.  
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Appendix I  

I Temperature relations for specific isobaric heat ideal gas capacities 

Gas 𝒄𝒑, where  = T/100 T, K 

CO 𝑐𝑝/𝑀𝐶𝑂 = 69.145 − 0.704630.75 − 200.77−0.5 + 176.76−0.75
 300-3500 

CO2 𝑐𝑝/𝑀𝐶𝑂2 = −3.7357 + 30.5290.5 − 4.1034 + 0.0241982
 300-3500 

H2O 𝑐𝑝/𝑀𝐻2𝑂 = 143.05 − 183.540.25 + 82.7510.5 − 3.6989 300-3500 

CH4 𝑐𝑝/𝑀𝐶𝐻4 = −672.87 + 439.740.25 − 24.8750.75 + 323.88−0.5
 300-2000 

N2 𝑐𝑝/𝑀𝑁2 = 39.060 − 512.79−1.5 + 1072.7−2 − 820.40−3
 300-3500 

O2 𝑐𝑝/𝑀𝑂2 = 37.432 + 0.0201021.5 − 178.57−1.5 + 236.88−2
 300-3500 

H2 𝑐𝑝/𝑀𝐻2 = 56.505 − 702.74−0.75 + 1165.0−1 − 560.70−1.5
 300-3500 
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Appendix II  

II Supplementary material 

Table II.1. Coefficients for correlation (3.1).  

Component 𝑩𝒐 𝑩𝟏x 10-2 𝑩𝟐x 10-5 𝑩𝟑x 10-7 

SiO2 80.01 -2.403 -35.47 49.16 

CaO 58.79 -1.34 -11.47 10.30 

K2O 105.40 -5.77 0 0 

 

Table II.2. Coefficients for correlation (3.61). 

Coefficient Value 

A1 1.11532372699824 

A2 −0.07903952088760 

A3 0.01588138045027 

A4 0.00886134496010 

A5 −2.16190792611599 

A6 1.15753118672070 

A7 −0.05367780720737 

A8 0.01465569989618 

A9 −1.80997374923296 

A10 0.95486038773032 

 



 
 

96 

Appendix III 

III Thermodynamic model equations 

GASIFIER 

To calculate molar fractions of syngas components are supplemented with atomic balances 

calculated on 1 mole of RDF or MSW: 

C 1 = 𝑥𝐶 + 𝑥𝐶𝑂 + 𝑥𝐶𝑂2
+ 𝑥𝐶𝐻4

 (A.1) 

H 𝑎 + 2𝑑 + 2𝑙 = 2𝑥𝐻2𝑂 + 2𝑥𝐻2
+ 4𝑥𝐶𝐻4

 (A.2) 

O 𝑏 + 𝑑 + 𝑙 + 2𝑦 = 𝑥𝐻2𝑂 + 𝑥𝐶𝑂 + 2𝑥𝐶𝑂2
 (A.3) 

N 𝑓 + 2 ∙ 3.76 ∙ 𝑦 = 2𝑥𝑁2
 (A.4) 

where 𝑥𝐶 is considered to be equal 0.04 [131]. 

In equation (3.20) 𝑚𝑏𝑖𝑜𝑚  represents “dry” mass of biomass (RDF or MSW): 

𝑚𝑏𝑖𝑜𝑚 = 𝑚𝑏𝑖𝑜𝑚 𝑤𝑒𝑡 ∙ (1 − 𝑀𝐶) (A.5) 

The mass of air 𝑚𝑎𝑖𝑟 in (3.20) characterizes the air amount necessary for the gasification to 

provide heat through non-stoichiometric combustion. Such quantity could be estimated with the 

application of an equivalence ratio (ER). Here ER denotes ratio between the air amount added into 

gasifier and the stoichiometric air amount required for complete combustion of the gasification 

products. It is assumed that ER = 0.03 (unless specified otherwise). 

𝑚𝑎𝑖𝑟 𝑔𝑎𝑠 = 𝐸𝑅 × 𝑀𝑑𝑎 × 𝑚𝑏𝑖𝑜𝑚  (A.6) 

In (A.6) a stoichiometric air amount 𝑀𝑑𝑎 is computed using the correlation:  

𝑀𝑑𝑎 = 0.1153 ∙ 𝐶𝑑𝑟𝑦  +  0.3434 ∙ (𝐻𝑑𝑟𝑦  −  𝑂𝑑𝑟𝑦/8)  +  0.0434 ∙ 𝑆𝑑𝑟𝑦  (A.7) 

In (A.7) the elemental RDF or MSW composition on dry basis is calculated as follows: 

𝐶𝑑𝑟𝑦 =
𝐶

1 − 𝑀𝐶
  (A.8) 

𝐻𝑑𝑟𝑦 =
𝐻

1 − 𝑀𝐶
  (A.9) 

𝑂𝑑𝑟𝑦 =
𝑂

1 − 𝑀𝐶
  (A.10) 

Mass of water 𝑚𝐻2𝑂 𝑔𝑎𝑠 in (3.20) includes the water entered into the gasifier with RDF or MSW 

moisture and with steam. The steam amount required for gasification might be determined through 

the steam to carbon molar ratio (S/C). Here S/C stands for the steam amount in moles divided for 
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the moles of carbon in RDF or MSW required for the gasification. Unless specified otherwise S/C 

= 2.2. 

𝑚𝐻2𝑂 𝑔𝑎𝑠 =  𝑚𝐻2𝑂 𝑏𝑖𝑜𝑚 + 𝑚𝑆𝑡 𝑔𝑎𝑠   (A.11) 

𝑚𝑆𝑡 𝑔𝑎𝑠 =  [
18 ∙ 𝐶𝑑𝑟𝑦

12 
∙ (𝑆

𝐶⁄ )] ∙ 𝑚𝑏𝑖𝑜𝑚 (A.12) 

𝑚𝐻2𝑂 𝑏𝑖𝑜𝑚 = 𝑀𝐶 ∙ 𝑚𝑏𝑖𝑜𝑚 𝑤𝑒𝑡  (A.13) 

The mass of char in (3.20) is determined by the following equation: 

𝑚𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 =
12×𝑥C

∑ 𝑥𝑜𝑢𝑡 𝑗×𝑀𝑜𝑢𝑡 𝑗
∙ (𝑚𝑏𝑖𝑜𝑚 + 𝑚𝐻2𝑂 𝑔𝑎𝑠 + 𝑚𝑎𝑖𝑟 𝑔𝑎𝑠 )  (A.14) 

The mass of ash in (3.20) is calculated using the following equations: 

𝑚𝐴𝑆𝐻 𝑔𝑎𝑠 = 𝑚𝑏𝑖𝑜𝑚 ∙ 𝐴𝑆𝐻𝑑𝑟𝑦  (A.15) 

𝐴𝑆𝐻𝑑𝑟𝑦 =
𝐴𝑆𝐻

1 − 𝑀𝐶
 (A.16) 

The lower heating value (LHV) of RDF or MSW in (3.21) is obtained by subtracting the heat of 

water evaporation from the higher heating value (HHV) [132]:  

𝐿𝐻𝑉𝑏𝑖𝑜𝑚 = 𝐻𝐻𝑉𝑏𝑖𝑜𝑚 − 𝜆 × (9𝐻 + 𝑀𝐶) (A.17) 

The HHV in (3.21) is estimated using the following correlation [133]: 

𝐻𝐻𝑉𝑏𝑖𝑜𝑚 = 0.3491𝐶 + 1.1783𝐻 + 0.1005𝑆 − 0.1034𝑂 − 0.0151𝑁 − 0.0211𝐴𝑆𝐻 (A.18) 

The thermal energy of the water in (3.21) includes two components: the thermal energy of steam 

and the thermal energy of RDF or MSW moisture: 

𝑄𝐻2𝑂 𝑔𝑎𝑠 = 𝑞𝐻2𝑂 𝑏𝑖𝑜𝑚 + 𝑄𝑆𝑡 𝑔𝑎𝑠 (A.19) 

where the energy of steam is found through the formula: 

𝑄𝑆𝑡 𝑔𝑎𝑠 = 𝑚𝑆𝑡 𝑔𝑎𝑠 ∙ (ℎ𝑃𝑆𝑡,𝑇𝑆𝑡
− ℎ𝑃𝑔𝑎𝑠,𝑇𝑆𝑡

) (A.20) 

The thermal energy brought to gasifier with RDF or MSW, moisture from RDF or MSW and air in 

(3.21) is evaluated as follows: 

𝑄𝑏𝑖𝑜𝑚 = 𝑚𝑏𝑖𝑜𝑚 ∙ ∫ 𝑐𝑝 𝑏𝑖𝑜𝑚(𝑇)𝑑𝑇
𝑇𝑔𝑎𝑠 𝑖𝑛

𝑇𝑟𝑒𝑓

 (A.21) 

𝑄𝑎𝑖𝑟 𝑔𝑎𝑠 = 𝑚𝑎𝑖𝑟 ∙ ∫ 𝑐𝑝 𝑎𝑖𝑟(𝑇)𝑑𝑇
𝑇𝑔𝑎𝑠 𝑖𝑛

𝑇𝑟𝑒𝑓

 (A.22) 
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𝑄𝐻2𝑂 𝑏𝑖𝑜𝑚 = 𝑚𝐻2𝑂 𝑏𝑖𝑜𝑚 ∙ ∫ 𝑑ℎ𝐻2𝑂(𝑇)
𝑇𝑔𝑎𝑠 𝑖𝑛

𝑇𝑟𝑒𝑓

 (A.23) 

The syngas LHV value in (3.21) is obtained through the formula [134]: 

𝐿𝐻𝑉𝑠𝑦𝑛 = (282993 ∙ 𝑥𝐶𝑂 + 802303 ∙ 𝑥𝐶𝐻4
+ 241827 ∙ 𝑥𝐻2

)/𝑀𝑠𝑦𝑛 (A.24) 

The thermal energy of syngas, ash and char leaving the gasifier in (3.21) are calculated as follows: 

𝑄𝑠𝑦𝑛 𝑔𝑎𝑠 = 𝑚𝑠𝑦𝑛 𝑔𝑎𝑠 ∙ ∑ 𝜔𝑔𝑎𝑠 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇
𝑇𝑔𝑎𝑠

𝑇𝑟𝑒𝑓𝑗
 (A.26) 

𝑄𝑐ℎ𝑎𝑟 𝑔𝑎𝑠 = 𝑚𝑐ℎ𝑎𝑟 𝑔𝑎𝑠  ∙ ∫ 𝑐𝑝 𝑐ℎ𝑎𝑟(𝑇)𝑑𝑇
𝑇𝑔𝑎𝑠 

𝑇𝑟𝑒𝑓

 (A.27) 

𝑄𝐴𝑆𝐻 𝑔𝑎𝑠 = 𝑚𝐴𝑆𝐻 𝑔𝑎𝑠 ∙ ∫ 𝑐𝑝 𝐴𝑆𝐻(𝑇)𝑑𝑇
𝑇𝑔𝑎𝑠 

𝑇𝑟𝑒𝑓

 (A.28) 

where 𝜔 𝑔𝑎𝑠 𝑗 for each syngas component is determined from molar and mass balances. 

The gasification energy 𝑄𝑔𝑎𝑠  in (3.21) denotes net heat that needs to be delivered/diverted to/from 

reactor. It can be found when the enthalpy of the gasification reaction is calculated [25]: 

𝑞𝑔𝑎𝑠 = ∆𝐻𝑇 𝑟 ∙ 𝑚𝑏𝑖𝑜𝑚/𝑀𝑏𝑖𝑜𝑚 (A.29) 

∆𝐻𝑇 𝑟 𝑔𝑎𝑠 = ∆𝐻298 𝑟 𝑔𝑎𝑠
0 + [∑ ∫ 𝑥𝑜𝑢𝑡

𝑇

298

∙ 𝑐𝑝 𝑜𝑢𝑡(𝑇)𝑑𝑡𝑇 − ∑ ∫ 𝑥𝑖𝑛

𝑇

298

∙ 𝑐𝑝 𝑖𝑛(𝑇)𝑑𝑡𝑇] (A.30) 

where the enthalpy of RDF or MSW formation is calculated according to approach used in [27]: 

∆𝐻298 𝐹 𝑏𝑖𝑜𝑚
0 = 𝐿𝐻𝑉𝑏𝑖𝑜𝑚 +

1

𝑀𝑏𝑖𝑜𝑚
∙ ∑ 𝑛𝑗 ∙ ∆𝐻298 𝐹,𝑗

0  (A.31) 

To conclude the energy balance losses are assumed 10% [135]. 

 

Compressor 

The polytropic head (3.29) is calculated as [136]: 

𝐻𝑝 =
𝑘

𝑘−1
∙ 𝑧 ∙ 𝑅 ∙ 𝑇𝑖𝑛 [(

𝑝𝑜𝑢𝑡

𝑝𝑖𝑛 
)

(
𝑘−1

𝑘
)

− 1]  (A.32) 

The syngas compressibility is computed using a correlation from [137], the coefficients for 

correlation are listed in Table A.2 (Appendix II): 

𝑧 =
𝐴1+𝐴2 ∙ln(𝑝𝑝𝑟)+𝐴3 ∙(ln 𝑝𝑝𝑟)2+𝐴4∙ (ln 𝑝𝑝𝑟)3+

𝐴5
𝑇𝑝𝑟

+
𝐴6

𝑇𝑝𝑟
2

1+𝐴7 ln(𝑝𝑝𝑟)+𝐴8∙(ln 𝑝𝑝𝑟)2+
𝐴9

𝑇𝑝𝑟
+

𝐴10

𝑇𝑝𝑟
2

  (A.33) 
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In (A.33) the pseudo-reduced pressures and temperaturse are derived as [137]: 

𝑝𝑝𝑟 =
𝑃

𝑃𝑝𝑐
  (A.34) 

𝑇𝑝𝑟 =
𝑇

𝑇𝑝𝑐
 (A.35) 

The pseudo-critical temperature and pressure are found by using Kay’s mixing rule [138]: 

𝑇𝑝𝑐 𝑠𝑦𝑛 = ∑ 𝑥𝑖 ∙ 𝑇𝑐 𝑖 (A.36) 

𝑃𝑝𝑐 𝑠𝑦𝑛 = ∑ 𝑥𝑖  ∙ 𝑃𝑐 𝑖 (A.37) 

The polytropic coeffient k is found from: 

𝜂𝑝𝑜𝑙 =
𝜅 ∙ (𝛾 − 1)

( 𝑘 − 1) ∙ 𝛾
 (A.38) 

The 𝛾 for ideal gases is calculated as: 

𝛾 =
𝐶𝑝

𝐶𝑝 − 𝑅
 (A.39) 

 

Gas turbine 

The mole fractions of the exhaust gases components are calculated by using the following 

equations: 

C  𝑥𝐶𝑂 + 𝑥𝐶𝑂2
+  𝑥𝐶𝐻4

= 𝑥𝐶𝑂
/

+  𝑥𝐶𝑂2

/
+ 𝑥𝐶𝐻4

/
  (A.40) 

H  2𝑥𝐻2𝑂 + 2𝑥𝐻2
+ 4𝑥𝐶𝐻4

= 4𝑥𝐶𝐻4

/
+ 2𝑥𝐻2𝑂

/
  (A.41) 

O  𝑥𝐶𝑂 + 2𝑥𝐶𝑂2
+ 𝑥𝐻2𝑂 + 2𝑎 = 𝑥𝐶𝑂

/
+ 2𝑥𝐶𝑂2

/
+ 𝑥𝐻2𝑂

/
+  2𝑥𝑁𝑂2

/
+ 𝑥𝑁𝑂

/
+ 2𝑥𝑂2

/
 (A.42) 

N 2𝑥𝑁2
+ 2𝛿 = 2𝑥𝑁2

/
+  𝑥𝑁𝑂2

/
+ 𝑥𝑁𝑂

/
 (A.43) 

 

CO2 units I, II, III. 

In (3.39) the steam demand for the CO2 removal is found through expression: 

𝑚𝑆𝑡 𝐶𝑂2
=  𝑚𝐶𝑂2

∙ 𝑞𝐶𝑂2
/(ℎ𝑃𝑆𝑡,𝑇𝑆𝑡

− ℎ𝑃𝑆𝑡,𝑇𝑠𝑎𝑡
) (A.44) 

The energy of syngas at the unit input and output in (3.40) is calculated using the expression:  
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𝑄𝑠𝑦𝑛 𝐶𝑂2
= 𝑚 𝑠𝑦𝑛 𝐶𝑂2

∙ ∑ 𝜔𝐶𝑂2𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇
𝑇𝐶𝑂2 

𝑇𝑟𝑒𝑓𝑗
 (A.45) 

where 𝜔𝐶𝑂2 𝑗 is found from molar and mass balances derived for each unit. 

At the same time, the energy of steam, condensate, removed carbon dioxide and condensate in 

(3.40) are found as follows: 

𝑄𝐶𝑂2
= 𝑚𝐶𝑂2

∙ ∫ 𝑐𝑝 𝐶𝑂2
(𝑇)𝑑𝑇

𝑇𝐶𝑂2 𝑜𝑢𝑡

𝑇𝑟𝑒𝑓

 (A.46) 

𝑄𝑆𝑡 𝐶𝑂2 = 𝑚𝑆𝑡 𝐶𝑂2
∙ (ℎ𝑃𝑆𝑡,𝑇𝑆𝑡

− ℎ𝑃𝑟𝑒𝑓,𝑇𝑟𝑒𝑓
) (A.47) 

𝑄𝑐𝑜𝑛𝑑 𝐶𝑂2 = 𝑚𝑐𝑜𝑛𝑑 𝐶𝑂2
∙ (ℎ𝑃𝑟𝑒𝑓,𝑇𝐶𝑂2 𝑜𝑢𝑡

− ℎ𝑃𝑟𝑒𝑓,𝑇𝑟𝑒𝑓
) (A.48) 

The absorption process is exothermic so to maintain temperature within reactor unchanged the 

surplus heat should be removed. This heat is utilized for the heat load production. If there is waste 

heat excess present, it is emitted to the environment. The waste heat in (3.40), available for the 

utilization, is found from the following expression: 

𝑄ℎ𝑒𝑎𝑡 𝐶𝑂2 = 𝑚𝐶𝑂2
∙ 𝑞𝑠𝑝 𝑎𝑏𝑠 /(𝑀𝐶𝑂2

∙ 𝜂 𝐻𝐸𝑋 𝐶𝑂2
) (A.49) 

 

N2 units I, II. 

The energy of the syngas at the unit input and output (3.42) is found via:  

𝑄𝑠𝑦𝑛 𝑁2 = 𝑚𝑠𝑦𝑛 𝑁2 ∙ ∑ 𝜔𝑁2 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇
𝑇𝑁2 

𝑇𝑟𝑒𝑓𝑗
 (A.50) 

where 𝜔𝑁2 𝑗 is determined from molar and mass balances derived for each unit. 

At the same time the energy of steam, condensate, removed nitrogen and condensate in (3.42) are 

computed as follows: 

𝑄𝑁2
= 𝑚𝑁2

∙ ∫ 𝑐𝑝 𝑁2(𝑇)𝑑𝑇
𝑇𝑁2 𝑜𝑢𝑡

𝑇𝑟𝑒𝑓

 (A.51) 

𝑄𝑆𝑡 𝑁2 = 𝑚𝑆𝑡 𝑁2
∙ (ℎ𝑃𝑆𝑡,𝑇𝑆𝑡

− ℎ𝑃𝑟𝑒𝑓,𝑇𝑟𝑒𝑓
) (A.52) 

𝑄𝑐𝑜𝑛𝑑 𝑁2 = 𝑚𝑐𝑜𝑛𝑑 𝑁2
∙ (ℎ𝑃𝑟𝑒𝑓,𝑇𝑁2 𝑜𝑢𝑡

− ℎ𝑃𝑟𝑒𝑓,𝑇𝑟𝑒𝑓
) (A.53) 

 

WGS unit 

The steam amount for the WGS unit (3.48) is computed through the following expression: 
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𝑚𝑆𝑡 𝑊𝐺𝑆 = 1.1 ∙  𝑚𝑠𝑦𝑛 𝑁2 ∙ (
3 ∙ 𝑥𝐶𝑂 − 𝑥𝐻2 

4
) ∙ 𝑀𝐻2𝑂/𝑀𝑠𝑦𝑛 𝐻2

  (A.54) 

where 𝑥𝐶𝑂 and 𝑥𝐻2  are the molar fractions of CO and H2 in the syngas after the N2 unit I, while 

𝑀𝑠𝑦𝑛 𝑁2 is the molar fraction of the syngas leaving that unit. 

The energy of syngas at the unit output (3.49) is given by: 

𝑄𝑠𝑦𝑛 𝑊𝐺𝑆 = 𝑚𝑠𝑦𝑛 𝑊𝐺𝑆 ∙ ∑ 𝜔𝑊𝐺𝑆 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇
𝑇𝑊𝐺𝑆 

𝑇𝑟𝑒𝑓𝑗
 (A.55) 

where 𝜔𝑊𝐺𝑆 𝑗 and 𝑚𝑐𝑜𝑛𝑑 𝑊𝐺𝑆 are found from molar balances derived for the unit. 

At the same time the energy of steam, condensate, removed nitrogen and condensate in (3.49) are 

calculated as follows: 

𝑄𝑝𝑟𝑒 ℎ𝑒𝑎𝑡 𝑊𝐺𝑆 = 𝑚𝑠𝑦𝑛 𝑁2 ∙ ∑ 𝜔𝑠𝑦𝑛 𝑁2 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇
𝑇𝑒𝑞 𝑊𝐺𝑆 

𝑇𝑟𝑒𝑓𝑗
 (A.56) 

𝑄𝑆𝑡 𝑊𝐺𝑆 = 𝑚𝑆𝑡 𝑊𝐺𝑆 ∙ (ℎ𝑃𝑆𝑡,𝑇𝑆𝑡
− ℎ𝑃𝑟𝑒𝑓,𝑇𝑟𝑒𝑓

) (A.57) 

𝑄𝑐𝑜𝑛𝑑 𝑊𝐺𝑆 = 𝑚𝑐𝑜𝑛𝑑 𝑊𝐺𝑆 ∙ (ℎ𝑃𝑊𝐺𝑆,𝑇𝑊𝐺𝑆
− ℎ𝑃𝑟𝑒𝑓,𝑇𝑟𝑒𝑓

) (A.58) 

𝑄ℎ𝑒𝑎𝑡 𝑊𝐺𝑆 = 𝑚𝑠𝑦𝑛 𝑊𝐺𝑆 ∙ ∑ 𝜔𝑊𝐺𝑆 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇
𝑇𝑒𝑞 𝑊𝐺𝑆 

𝑇𝑊𝐺𝑆 𝑗
 (A.59) 

 

MET unit 

The energy of syngas in (3.55) is computed as:  

𝑄𝑠𝑦𝑛 𝑀𝐸𝑇 = 𝑚𝑠𝑦𝑛 𝑀𝐸𝑇 ∙ ∑ 𝜔𝑀𝐸𝑇 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇
𝑇𝑀𝐸𝑇 

𝑇𝑟𝑒𝑓𝑗
 (A.60) 

where 𝜔𝑀𝐸𝑇 𝑗 and 𝑚𝑐𝑜𝑛𝑑 𝑀𝐸𝑇 are determined from molar balances derived for the unit. 

At the same time the thermal energy of waste heat, energy of condensate in (3.55) are found 

through the following formulas: 

𝑄ℎ𝑒𝑎𝑡 𝑀𝐸𝑇 = 𝑚𝑠𝑦𝑛 𝑀𝐸𝑇 ∙ ∑ 𝜔𝑀𝐸𝑇 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇
𝑇𝑒𝑞 𝑀𝐸𝑇 

𝑇𝑀𝐸𝑇 𝑗
 (A.61) 

𝑄𝑐𝑜𝑛𝑑 𝑀𝐸𝑇 = 𝑚𝑐𝑜𝑛𝑑 𝑀𝐸𝑇 ∙ (ℎ𝑃𝑀𝐸𝑇,𝑇𝑀𝐸𝑇
− ℎ𝑃𝑟𝑒𝑓,𝑇𝑟𝑒𝑓

) (A.62) 

 

CO&H2 unit 

The energy of the SNG in (3.56) is given by the expression:  
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𝑄𝑆𝑁𝐺 𝐶𝑂&𝐻2 = 𝑚𝑆𝑁𝐺 𝐶𝑂&𝐻2 ∙ ∑ 𝜔𝐶𝑂&𝐻2 𝑗 ∙ ∫ 𝑐𝑝 𝑗(𝑇)𝑑𝑇
𝑇𝐶𝑂&𝐻2 

𝑇𝑟𝑒𝑓𝑗
 (A.63) 

where 𝜔𝐶𝑂&𝐻2 𝑗 is determined from molar and mass balances derived for each unit. 

The steam (3.58) and electricity (3.59) demands for impurities removal are calculated via the 

following expressions: 

𝑚𝑆𝑡 𝐶𝑂&𝐻2 =  𝑚𝑠𝑦𝑛 𝐶𝑂2 ∙ 𝑞𝐶𝑂&𝐻2
∙ 0.6/(ℎ𝑃𝑆𝑡,𝑇𝑆𝑡

− ℎ𝑃𝑆𝑡,𝑇𝑠𝑎𝑡
) (A.64) 

𝑊𝐶𝑂&𝐻2 = 0.4 ∙ 𝑞𝐶𝑂&𝐻2   (A.65) 

At the same time the energy of steam, condensate, removed nitrogen and condensate in (3.59) are 

calculated as follows: 

𝑄𝐻2
= 𝑚𝐻2

∙ ∫ 𝑐𝑝 𝐻2
(𝑇)𝑑𝑇

𝑇𝐶𝑂&𝐻2 

𝑇𝑟𝑒𝑓

 (A.66) 

𝑄𝐶𝑂 = 𝑚𝐶𝑂 ∙ ∫ 𝑐𝑝 𝐶𝑂(𝑇)𝑑𝑇
𝑇𝐶𝑂&𝐻2 

𝑇𝑟𝑒𝑓

 (A.67) 

𝑄𝑆𝑡 𝐶𝑂&𝐻2
= 𝑚𝑆𝑡 𝐶𝑂&𝐻2 ∙ (ℎ𝑃𝑆𝑡,𝑇𝑆𝑡

− ℎ𝑃𝑟𝑒𝑓,𝑇𝑟𝑒𝑓
) (A.68) 

𝑄𝑐𝑜𝑛𝑑 𝐶𝑂&𝐻2 = 𝑚𝑐𝑜𝑛𝑑 𝐶𝑂&𝐻2
∙ (ℎ𝑃𝑟𝑒𝑓,𝑇𝐶𝑂&𝐻2

− ℎ𝑃𝑟𝑒𝑓,𝑇𝑟𝑒𝑓
) (A.69) 
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Appendix IV 

IV Chemical engineering plant cost indexes  

Year Index Year Index 

1990 357.6 2002 395.6 

1991 361.3 2003 402.0 

1992 358.2 2004 444.2 

1993 359.2 2005 468.2 

1994 368.1 2006 499.6 

1995 381.1 2007 525.4 

1996 381.7 2008 575.4 

1997 386.5 2009 521.9 

1998 389.5 2010 550.8 

1999 390.6 2011 585.7 

2000 394.1 2012 584.6 

2001 394.3 2013 571.9 
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Appendix V 
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Appendix VIII 
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