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RESUME 

Ce travail porte sur une étude de faisabilité technico-économique et environnementale d’un 

système de cogénération équipé d'un traitement de combustible et d'une pile à combustible à 

membrane échangeuse de protons (PEMFC) pour des applications résidentielles. L'unité de 

traitement du combustible transforme le gaz naturel (GN) en hydrogène, et la PEMFC utilisant 

l'hydrogène pour alimenter en électricité et en chaleur nécessaires aux applications résidentielles. 

Cette étude a modélisé la configuration du système de traitement du gaz naturel en hydrogène et 

son utilisation dans le système PEMFC à l'aide du logiciel de simulation Aspen HYSYS en régime 

permanent. L'efficacité énergétique et l'analyse de l'exergie pour des configurations de processus 

dans différentes conditions de fonctionnement ont été étudiées. 

Deux d'entre eux sont les configurations de référence ont été conçues sur la base de ce qui est 

proposé par Ballard Power Systems qui utilisent l’oxydation partiell. La première configuration du 

processus utilisé par Ballard comprend une unité de traitement de combustible par oxydation 

partielle fournissant l'hydrogène requis pour une PEMFC à basse température pour la production 

de chaleur et d'électricité. La deuxième configuration est équipée d'un système de traitement du 

carburant plus simple fonctionnant en intégration avec une PEMFC haute température. Dans la 

configuration 3, qui est un modèle d'art ouvert, une adsorption modulée en pression a été incorporée 

dans la configuration de procédé 1 à la place de l'unité d'oxydation préférentielle pour laquelle une 

pile PEMFC basse température est alimentée Dans la configuration de processus 4, Quelle est la 

configuration proposée de cette recherche, une PEMFC haute température est intégrée dans la 

configuration 3. L'idée de la configuration proposée est d'utiliser les gaz de dégagement de la 

PEMFC basses température de la configuration 3 pour alimenter une PEMFC haute température 

intégrée pour une production d'électricité et de chaleur supplémentaire. À notre connaissance, l'idée 

de la conception dans cette configuration est nouvelle est sur deux aspects : l’utilisation de 

l’adsorption modulée en pression et surtout l’intégration des piles basses températures et hautes 

températures et elle est présentée par cette étude. 

Dans cette étude, les performances du système CHP ont été explorées pour l'ensemble de la 

configuration dans différents scénarios. Dimensionnement des équipements, estimation des coûts, 
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et les émissions de carbone du système pour les 4 configurations exploitées à 3 rapports 

vapeur/combustible (S/F) pour 3 charges thermiques ont été étudiées et comparées. 

L'étude a ajusté le prix et les revenus du projet en fonction du marché de trois provinces du Canada. 

Pour comparer le résultat économique du projet, une analyse de sensibilité sur les dépenses 

d'exploitation et de maintenance ainsi que les dépenses en capital du projet a été menée pour tous 

les scénarios. Les résultats économiques et environnementaux du projet ont été évalués pour tous 

les scénarios et la conclusion de l'étude a été présentée à la fin du rapport. 
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ABSTRACT 

This work is on the study of a techno–economic and environmental feasibility of a CHP system 

equipped with fuel processing and Proton-exchange membrane fuel cell (PEMFC) for residential 

applications. The fuel processing unit transforms natural gas (NG) to hydrogen, and the PEMFC 

uses this hydrogen to supply demanding power and heat to the buildings.  

This study modeled some configurations of NG processing system with PEMFC system using a 

steady state condition Aspen HYSYS simulation software. Energy efficiency and exergy analysis 

for the process configurations at different operating conditions were studied. 

In this study four process models were investigated. Two of them are the reference configurations 

were designed based on what are proposed by Ballard Power Systems. The first process 

configuration includes a fuel processing unit supplying the required hydrogen for a low temperature 

PEMFC for heat and power generation. The second model is equipped with a fuel processing 

system with no H2 purification unit working integrated with a high temperature PEMFC. In the 

configuration 3, which is an open art model a pressure swing adsorption was incorporated in the 

reference configuration of SMR-WGS-PROX-LTPEMFC instead of preferential oxidation unit. In 

the proposed model, a high temperature PEMFC is integrated in the process model 3. The idea of 

the proposed configuration is to use the outlet gas of the model 3 and to feed a high temperature 

PEMFC for further power and heat generation. This makes an integrated low and high temperature 

PEMFC system. To best of our knowledge, the idea of the design in this last configuration is novel 

and it is presented by this study.  

In this study, CHP system performance was explored for the all configurations in different 

scenarios. Equipment sizing, cost estimation and carbon emission of the system for all four 

configurations operated at three steam to fuel (S/F) ratios for three heat loads were studied.  

The study adjusted the price and revenue of the project based on market of three provinces of 

Canada: Quebec, Ontario and Alberta. To compare economic result of the project a sensitivity 

analysis on operating expenses and capital expenditure of the project were conducted for all 

scenarios. The economic and environmental results of the project were evaluated for all scenarios 

and conclusion of the study was represented at the end of the report. 
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 INTRODUCTION 

Based on the Paris agreement, to tackle the global warming problem, countries across the world 

agreed to prevent global warming to below 2°C, compared with the pre-industrial era. To achieve 

this goal by 2050 a sharp decrease in carbon emissions is essential. According to the 2030 climate 

and energy framework of the European Union, 40% or more decrease in greenhouse gas (GHG) 

emissions in comparison with the level of 1990, 32% or more renewable energy participation in 

total energy production, and 32.5% or more energy efficiency improvement were targeted. 

(ENERGY POLICY: GENERAL PRINCIPLES, 2022) Under the Agreement, Canada will reduce 

its GHG emissions to at least 30% lower than its level in 2005. (Greenhouse gas emissions, 2020) 

Rapidly cutting GCG emissions would not be reachable unless decreasing fossil fuel consumption 

and apply renewable energy sources at the same time. 

The global energy consumption by sector shows that (from 2016 to 2018) 36% of the total energy 

were consumed by buildings. (IEA, 2020) It shows that efforts towards energy efficiency 

improvement of this sector to what extend can answer to the ecological aspects.  

On the other hand, centralized fossil fuel-fired power stations work at low energy conversion and 

power transmission loss making it in some cases inefficient energy management. In another word, 

to reach the best result in transmission and distribution of energy optimizing the power supply 

based on the demand side is a necessity. (Pehnt & Cames, 2006) (Bentley & Putrus, 2016) A 

solution could be distributed energy resources (DER) containing a small-scale power generator 

(with an energy storage system). The DER cogeneration or combined heat and power (CHP) system 

uses a generator to produce power and useful heat simultaneously from a single fossil fuel stream. 

(Dir12, 2012) (YÜZÜAK, 2012) 
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Figure 1.1 An illustrative energy consumption comparison (using Sanky diagram) for power and 

heat supply with a CHP design scenario versus the generated power by central power plants and 

the produced heat by boilers. (Hawkes & Staffell, 2009) 

The generator of the CHP system could be heat engines, microturbines, Stirling engines, or a fuel 

cell (FC). Among the options, FCs have no internal moving parts, they use renewable energy 

resources like hydrogen providing a higher power-to-heat ratio, and they have lower maintenance 

costs, less noise, and less pollutant emission. FC-based systems took the lead from conventional 

heat engines in the micro-CHP market in 2012 with 64% of worldwide sales. (Ach12, 2012) 

Renewable energy resources like hydrogen are the preferred fuel option for power generation. One 

mole of hydrogen reacting with oxygen can produce 57.8k [cal]. 

 

 𝐻2 +  1 2⁄ 𝑂2 → 𝐻2𝑂 (1) 

 

However, the infeasible production of hydrogen from renewable resources is still an unsolved 

puzzle. While using fossil fuel to turn generators to produce electricity is the most economically 

feasible method for cogeneration but not from an environmental view. The idea of using fossil fuel 

resources (like natural gas) to supply hydrogen for the purpose of power generation in a CHP 

system, may balance economic and environmental considerations. 
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There are different ways to convert NG fuel to hydrogen using fuel processing systems and to 

transform the hydrogen to power utilizing a fuel cell. The study reviewed the most common 

technologies in this section. 

1.1 Objectives 

This study proposes a process configuration for a CHP design equipped with a fuel processing 

system coupled with PEMFC. The reference models of the study, are CHP designs made of steam 

methane reforming and water gas shift reactors, that work with and without preferential oxidation 

of CO, which supplies H2 for a PEMFC. The fuel cell generates the power and heat simultaneously 

for a mid-rise residential building.  

The study suggests a novel design for the process model, which uses a matured technology of 

pressure swing adsorption instead of the preferential oxidation reactor. This study offers an open 

art configuration that is upgraded innovatively for better performance.  

 This study investigates feasibility studies over the reference models and the proposed model 

from energy and exergy efficiencies. 

 This study examines the different operating conditions of S/F ratio for the configurations, 

in terms of CO2 emission, fuel consumption, the economy of the system, and the power 

plant.  

 This report studies the impact of the heat load of the building on the feasibility of the 

models. 

 The economics of the project is evaluated in different Canadian markets of Quebec, 

Ontario, and Alberta.  

 Finally, the project presents the economic and environmental conclusion for the reference 

and proposed models.  

1.2 Fuel processing 

Hydrogen can be produced from the electrolysis of water powered by electricity from renewable 

resources (e.g. wind turbines, photovoltaic power stations) or more commonly transforming of fuel 
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using a fuel processing system. The fuel processing system transforms (most commonly) NG to 

hydrogen and supplies the produced H2 for usage after purification. Fuel processing units are 

available usually on industrial scales of large centralized plants with truck delivery services or 

small-scale hydrogen pipelines to distribute this energy carrier to refueling stations.  

Hydrogen production from natural gas in the most conventional way is achieved through 

converting of methane to syngas using steam methane reforming (SMR). About 50% of global H2 

production is achieved through SMR and this technology supplies around 95% of hydrogen 

demand in the US. (Kalamaras & Efstathiou) (Basile, Paturzo, & Vazza, 2003) 

The overall conversion rate is 75%-80% and the technology exists on different scales. The large-

scale reformers on the refinery scale (20 MMSCF H2/d) work at an economic rate of $200/kW H2 

output. The endothermic reaction of reforming operates at a high temperature (700°C-850°C) and 

a pressure of 3-25 [bar]. The high operating temperature is supplied by a fired heater feeding with 

a parallel stream of NG feedstock or process off-gas. In the reforming process to avoid coke 

formation, a stream of steam through the correlation (2) is applied to methane (usually in an S/F 

ratio of 3) as follows: 

 𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2 ∆𝐻° = 206.16 [𝑘𝐽 𝑚𝑜𝑙𝑒⁄  𝐶𝐻4] (2) 

 

It is comparable with other conversion techniques like partial oxidation (POX), with adding air or 

pure oxygen instead of steam with an efficiency of 70%-80%, or Auto-thermal reformer (ATR) 

which is a combination of both techniques with a process efficiency of about 75%. 

The exothermic nature of the POX reaction and the high temperature of the process eliminate the 

need for an indirect fired heater and the need for the presence of catalysts. However, in contrast to 

SMR, the POX is mostly available on the large scale and the nature of the reaction makes the POX 

an unsolved heat recovery problem that lower the efficiency of the process compared to SMR. Soot 

formation and low H2/CO ratio are other challenging issues of the POX technology. (Lugvishchuk 

D. S., 2018) However, with using a catalyst the efficiency is improved, because of excessive 

temperature gradients and carbon decomposition on the catalyst surface, the control of the reaction 

selectivity is a challenging issue of the technique. (Dissanayake, 1991) 
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The ATR has both advantages of both SMR and POX techniques, where using steam and oxygen 

(or air) at the same time provides the possibility of eliminating the indirect fired heater and has a 

better heat recovery than POX. However, this combination of SMR and POX creates the need for 

thermal and catalyst management for two separate endothermic and exothermic reaction. 

(Necoechea, 2021) (Richards , 2016) 

The endothermic nature of the SMR reforming reaction is the main limitation of SMR technology, 

where the catalyst bed needs a long and narrow packed tube design, that limits a compact design 

and imposes a high capital cost on the system. Many studies in recent years investigated solutions 

to solve this problem. One of the proposed solutions is increasing ratio of surface area to volume 

of catalysts through microchannel reactor design. (Suryawanshi & Gumfekar, 2018) (Chen, Song, 

& Xu, 2019) (Coppens, M-O; Tsotsis, T, 2013) 

Another limitation associated with SMR is coke formation which leads to carbon deposition, 

blockage of reformer tubes, and formation of a hot spot that has an adverse impact on catalyst 

performance. (Rostrup-Nielsen, 1993) In this term, higher S/F ratios are suggested to avoid coke 

formation and utilize less sensitive noble metals for coke formation that provide more durable 

catalysts. However, these solutions lead to higher operating and capital costs respectively. (Park, 

Han, & Jun, 2019) (Trimm, 1997) 

Instead of expensive coke resistive noble catalysts like platinum (Pt), rhodium (Rh), and ruthenium 

(Ru) in the previous years nickel-based catalysts have been a field of study by many researchers. 

(Zhou & Martirez, 2020) The main deactivation reason for nickel reforming catalysts is coking, 

poisoning by sulfur, and sintering. Nickel particle size and surface area determine the resistivity of 

the catalyst against coking and poisoning deactivation respectively. While the sintering mechanism 

depends on the temperature and composition of the reforming gas. Sintering of Ni catalysts is more 

likely to happen at higher temperatures and in presence of steam, the necessity of SMR. To avoid 

sintering and deactivation catalyst with a high surface area is required. (Sehested, 2004) (Lercher, 

1996) 

Ni/Al2O3 provides a huge void volume (about 97%) offering an easy gas diffusion pathway for 

the catalytic reaction. (Dong, 2013) However, reduction of the catalyst to NiAl2O4 due to the 

presence of oxygen affects catalyst performance. (Ma Y. M., 2019) Dispersion effect and sintering 
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resistance due to support of Ni catalyst were investigated in some studies that show Al2O3 shows 

a decreasing impact on carbon deposition when second metals (e.g. Mg and Zn) are incorporated 

into the support. (Rogers, et al., 2016) (Longo, 2020) Applying MgO into the support MgAl2O3 

spinel secures Al2O3 from reduction and increases durability of the Ni catalyst. (Nair, 2016) (Ma 

Y. M., 2019) Applying metal oxides (La2O3, CeO2, Pr2O3, and Gd2O3) as promoter effect 

through decreasing graphitization of deposited carbon on the Ni sites increases the durability and 

selectivity of the catalyst. (Wang W. S., 2011) 

The reformed syngas is sent to a water shift reactor to lower the CO content and to produce 

additional H2. The WGS reaction usually for better performance operates in two steps high and 

low temperature. The high-temperature water gas shift (HTWGS) is operated at 350°C-475°C and 

the low-temperature water gas shift (LTWGS) reaction is operated at 200°C-250°C.  

 𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 ∆𝐻° = −41.15 [𝑘𝐽 𝑚𝑜𝑙𝑒⁄  𝐶𝑂] (3) 

The stream still contains a few volume percent of CO that is poisonous for LTPEMFC. Anode 

catalyst of LTPEMFC can tolerate lower than 30 ppm of concentration of monoxide carbon. 

Poisoning the catalyst with CO at a higher concentration leads to an irreversible impact on the 

performance of LTPEMFC. The conventional methods for H2 purifying are CO selective 

membrane, preferential oxidation of CO, cryogenic purification, catalytic purification, and pressure 

swing adsorption. 

Purification with a hydrogen-selective membrane could be a good idea basically at small scales. 

The membranes are divided into four main categories, polymeric, metallic, inorganic, and 

composite. (Mishra, 2011) The preferred H2 concentration in the feed is at least 25%. This 

technology can purify H2 by more than 98%. Sensitivity to swelling, compacting, and mechanical 

strength are the most challenging aspects of polymeric H2 selective membranes. (Poudel, 2019) 

One of the most common ways for CO removal technologies is preferential oxidation of CO 

(PROX). (Srinivas, 2004) In the PROX CO reacts with O2 in a heterogeneous reaction on a catalyst 

bed and the concentration decrease to below 10 ppm. (Höhlein, 1996) (Emonts, 1998) The reaction 

is as follows: 
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 𝐶𝑂 + 1
2⁄ 𝑂2 → 𝐶𝑂2 ∆𝐻° = −393.5 [𝑘𝐽 𝑚𝑜𝑙𝑒⁄ ] (4) 

In the H2 reach environment of reformate gas, due to high oxidation tendency of H2, an undesirable 

competitive reaction of water formation may happen. 

 

For PROX reaction, noble precious metal based catalysts are very common like Pt-based catalysts 

,Ni-based catalysts, Rh, Pd, and Au. (Ko, Park, Seo, & Lee, 2006) (Santos, 2009) (Malwadkar S. 

B., 2012) (Jeon, 2016) Moreover than the high price some of them, due to low tolerance of CO2 

and/or H2O to avoid formation of carbonate and hydroxyl species, need to operate at high 

temperature where the PROX show a low selectivity of CO. (Ko, Park, Seo, & Lee, 2006) 

(Hernández, 2015) (Yoshida, 2016) Some research recently was dedicated to finding cheaper and 

more available options including copper-based and cobalt-based catalysis (e.g. CoO, CuO/CeO2, 

and CoFe). (Qwabe, 2015) (Teng, 1999) (Bae C. M., 2005) (Wang J. B., 2002) Copper-based 

catalysts work effectively in the temperature range of 50°C –160°C but show instability at a higher 

temperature. (Martínez-Arias A. H., 2006) (Benedetto, 2013) While cobalt-based catalysts work at 

a wider temperature range and show higher temperature stability. However, to avoid reverse water 

gas shift (RWGS) reaction and the need for working at a lower temperature make it necessary to 

incorporate reducible metal oxides (e.g., MnO2, CeO2) into the catalyst. (Gawade, 2012) (Raitano, 

2012) (Zeng, 2013) (Zhou G. X., 2012) Some studies worked on the performance of catalysts made 

of copper, cobalt, zinc, and cerium oxides. (Bera, 2010) (Malwadkar S. B., 2020) (Hwang, 2016)  

 

Therefore, the main challenge toward PROX reaction is a need for real-time control of operating 

conditions to reach an effective CO oxidation to avoid reverse water gas shift (RWGS) reaction 

and to preserve the deactivation of catalysts. (Heo J. P., 2020)  

 𝐻2 + 1
2⁄ 𝑂2 → 𝐻2𝑂 ∆𝐻° = −285 [𝑘𝐽 𝑚𝑜𝑙𝑒⁄ ] (5) 

 𝐶𝑂2 + 𝐻2 → 𝐶𝑂 + 𝐻2𝑂 ∆𝐻° = 41 [𝑘𝐽 𝑚𝑜𝑙𝑒⁄ ] (6) 
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Adiabatic PROX is more effective when it is accomplished in a sequential step for better efficiency, 

to avoid catalyst damage. (Australia Patent No. AU2003221755A8, 2003) To avoid RWGS 

reaction, isothermal PROX is suggested with only one or two stages. However, the temperature 

control of adiabatic design provides the possibility of optimization of receiving O2 using 

temperature sensors on the catalyst bed to avoid undesired H2O formation and to follow changes 

in H2 production for a real-time power demand. (United States Patent No. US5637415A, 1996) 

One other method for the CO removal unit is cryogenic technology. This technology uses very low 

temperature and high pressure to separate gas in the liquid phase. One of the drawbacks of 

cryogenic H2 purification is that this technique is highly energy intensive and it needs high flow 

rates to operate in feasible economics. (Cavenati, 2006) Although H2 separation in this technique 

reaches a high amount of 95% of the recovery, the purity of H2 cannot reach upper than 98% which 

does not meet the criterion of LTPEMFC. 

Inorganic membranes for hydrogen production is divided into two main groups dense phase metal 

(and metal alloys) membrane and ceramic (porous and perovskites) membrane. The most 

disadvantages of the inorganic membranes are that they are brittle and expensive and they have 

low hydrothermal stability. These characteristics are comparable with polymeric membranes that 

have weak structures and low stability. Inorganic membranes represent higher durability and more 

thermal and chemical stability than organic membrane. (Lu, 2007) One of the unsolved issues of 

the membrane (mostly polymeric and metallic) is a durable pinhole-free or crack fee selective layer 

in long-term pressurized operation. Moreover, for CO removal using molecular sieve membranes 

no continuous pores bigger than 0.4 [nm]. Furthermore, the performance of the membranes are 

sensitive to condensable and adsorptive component in the stream. (Kayvani Fard, 2018) Pd-based 

metallic membrane offers excellent selectivity, but they are expensive and the selective film is not 

thermo-chemically stable. (Sánchez, 2011) 

There are other studies towards improving the performance of SMR technology, proposing a 

change in the configuration of SMR by adopting a membrane reactor to enhance hydrogen 

production and purification in a compact Pd-based membrane. (Basile, Paturzo, & Vazza, 2003) 

(Oertel, 1987) (Gryaznov & Vedernikov, 1986) Packed-bed membrane reactor (PBMR) and 

fluidized-bed membrane reactor (FBMR) are the main two categories of membrane reactors. In 
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recent years various studies dedicated to this promising H2 technology. (Ghasemzadeh, 2016) 

(Murmura, 2018) (Kyriakides, Ipsakis, & Voutetakis, 2013) (Kim C. H., 2018) (Patrascu, 2015) 

The challenges associated with the design are the balance of separation selectivity and permeability 

of H2 through the membrane depending on the thickness of the membrane. This design at higher 

pressure was applied for supplying the required H2 of the PEMFC system for power generation. 

First attempts were unsuccessful and serious catalyst poisoning was reported by Tokyo Gas and 

Mitsubishi Industries. (Ohta, Gondaira, & Kobayashi, 1994) (Pinos-Vélez & Luca, 2019) Studies 

by Mitsubishi Heavy Industries showed that better H2 permeability is achievable when applying 

binary and ternary Pd-based alloy from VI, VII, and VIII groups in the periodic table. It was 

reported that, applying Ag to Pd-membrane, moreover than improving H2 permeability, decreased 

embrittlement of the membrane. (Uemiya, 1991)  

Feasibility studies on steam reforming using a membrane reactor show that it could be a promising 

technology for H2 production. (Heo J. L., 2020) (Lee B. &., 2019) The same results were reported 

for SMR through technologies equipped with packed bed reactors (PBR), membrane reactor (MR), 

and sorption-enhanced membrane reactor (SEMR). (Lee H. L., 2021) 

Studies on PEMFC-based CHP systems showed that reaching to overall electrical efficiency of 

38.4% and better heat integration through Pd-Ag alloy membrane integrated steam reforming 

systems are achievable and this technology can be a competitor for the CHP systems with 

traditional SMR technologies equipped with conventional H2 purification methods (e.g. POX, PSA, 

and selective membrane). (Facci, 2017) Some reports also studied fixed-bed membrane reactors for 

reforming methane to H2 that can work integrated with PEMFCs in a CHP system. (Di 

Marcoberardino G. S., 2015) (Li P. C., 2022) (Wunsch, 2018) 

PSA is one of the most common techniques for gas separation in commercial scales from 1 to 200 

[MMscfd]. Moreover, PSA has large flexibility and it is a mature technology. (Grande, 2012) Using 

PSA H2 production in high purity of more than 99.999% and a low concentration of 1.1 ppm CO 

is reachable. The reported adsorbents are mostly activated carbon-based components (e.g. Cu-AC-

2, carbon/zeolite 5A), metal-organic framework (MOF) adsorbents (UTSA-16, UiO-66(Zr), UiO-

66(Zr)-Br), and recently Potassium-promoted layered double oxide. (Mao, 2021) (Ersöz, 2018) 

(You, 2012) (Brea & Delgado, 2019) (Shamsudin & Abdullah, 2019) (Yang S. I., 2008) (Majlan, 
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2009) (Zhu X. S., 2018) Disadvantages of the PSA technique include high operating cost, high gas 

loss, need for a dehumidifier upstream, and cyclic steady state. (Khajuria, 2011) (DiMartino, 1988) 

(Facci, 2017) 

1.3 Fuel cell 

Since Hydrogen has higher specific energy than batteries fuel cell provides more energy than 

batteries, so it is a better option for energy demanding system like stationary. The advantage in 

comparison with fossil fuel-based power generators is more obvious. Moreover, hydrogen and fuel 

cell are environmentally friendlier than any kinds of fossil fuels and combustion engines.  (Farag, 

2013) 

Fuel cells can be classified by, fuel, and operating conditions. The operating temperature divides 

fuel cells into different categories based on their electrolyte type including, LTPEMFC, 

HTPEMFC, phosphoric acid fuel cell (PAFC), direct Methanol fuel cells (DMFC), direct ethanol 

fuel cell (DEFC), solid oxide fuel cell (SOFC), alkaline fuel cell (AFC), molten carbonate fuel cell 

(MCFC), proton ceramic fuel cells (PCFCs), zinc-air fuel cells (ZAFCs), direct borohydride fuel 

cells (DBFCs), direct Formic acid fuel cells (DFAFCs), direct carbon fuel cells (DCFCs), 

enzymatic biofuel cells (EFCs), and microbial biofuel cells (MFCs). Among the mentioned FC 

technologies, LTPEMFC, HTPEMFC, PAFC, SOFC, AFC, and MCFC are the group of FCs use 

H2 as fuel. This study focuses on FCs generating power from hydrogen. 

PAFCs are a group of fuel cells that operate liquid phosphoric acid electrolytes. PAFCs are 

available in the range of 100-200 kW and present net electrical and overall efficiency of 37% and 

87% respectively when operating on NG. PAFC could be a good candidate for CHP applications. 

(Wu, 2018) (Zhang H. L., 2012) Although, a higher operating temperature (150°C-250°C) 

compared with LTPEMFC provides a more CO tolerance, lower power density, performance 

impact due to leaching and phosphate condensation, and most importantly high manufacturing cost 

limited commercial development of the technology even after many years of introducing. (Sammes, 

2004) (Gao W. , 2005) (Kanuri, 2014) 

AFCs in contrast to PEMFCs and FAFCs, are anion exchange fuel cells and use an aqueous alkaline 

membrane. The electrolyte of potassium hydroxide (KOH) helps AFCs reach to electrical 
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efficiency of 60% and a low freezing point of -40°C. AFCs work at a good range of operating 

temperature (80-200) which is appropriate for heat recovery in CHP design. AFCs offer a power 

density of 0.1-0.3 [W/cm2] and can reach to high electrical efficiency of 60%. (Mulder, 2008) One 

of the limitations of AFCs is their high sensitivity to CO2 poisoning. The reaction of CO2 with 

KOH leads to production. Precipitation of the potassium carbonate (K2CO3) on cathode pores 

easily impacts the performance of the fuel cell. Therefore AFCs highly require pure O2 or an air 

stream of CO2-free. 

AFCs like PEMFCs work at low temperatures, but do not need high precious metallic catalysts. 

Moreover AFC as an anion exchange membrane fuel cells (AEMFCs), in contrast to PEMFCs, do 

not have issues of H2 and O2 crossover (due to electro-osmosis and diffusion). However, AEMFCs 

suffer from high sensitivity to CO2, expensive catalysts, easy degradation of electrodes, and low 

mechanical strength due to a corrosive environment. 

SOFC are the types of fuel cells that use solid oxide or ceramic electrolytes to exchange negative 

oxygen ions from the cathode to the anode. The main target market for the technology is a 

stationary application available in the range of 1[kWe]-5MWe. The advantages of SOFC 

technology are high electrical efficiency, relatively low capital cost, high overall efficiency (of 

81%), high fuel flexibility, low CO sensitivity, commercial availability, high power density of 0.15-

0.7 [W/cm2]. (Zhu B. , 2003) (Naimaster IV, 2013) (Park Y. J., 2019) 

High operating temperature (600°C-1000°C) limits heat recovery of the system for CHP 

applications. Moreover, operating at high temperature needs a long start-up time and leads to 

mechanical consistency issues and chemical compatibility problems. (Badwal, 2015) 

MCFCs utilize molten carbonate salt mixture in porous ceramic as electrolytes which are prepared 

to work at very high temperatures of more than 650°C. Working at this temperature eliminates the 

need for precious metallic catalysts leading to a remarkable capital cost reduction. Moreover, 

MCFCs like SOFCs do not need for a fuel process unit, where directly without reforming units are 

able to transform Ng to H2 at high operating temperature. (Fakeeha, 1995) The report by the US 

energy department the electrical efficiency of MCFCs reaches 50% which is more than PAFCs. 

MCFC usually is used for a power range of 50[kWe] to 5MWe.  
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MCFC has some disadvantages including Low power density of 0.1-0.12 [W/cm2], high operating 

cost, need for CO2 emission control, and low durability due to high operating temperature and 

corrosive issues.  

Based on the mentioned comparison of FCs this study chose a study on PEMFC for the CHP design. 

Studies on small-scale CHP models show that operating at lower temperatures and atmospheric 

pressure provides a more efficient system. Considering the second law efficiency of energy, heat 

recovery for a typical residential heating system with hot water at 338.15 K at a lower temperature 

(353.15 K) is more beneficial than from a very high temperature (of SOFC, and MCFC). Because 

a part of waste heat has to be recovered from a condensable wet component of exhaust gas that 

needs a careful design of heat exchangers. (Barelli, 2011) Moreover, operating at lower temperature 

comes with buildup advantage of simpler fabrication and no electrolyte loss issues, quick start-up 

and load following, working at higher current and power densities.  

On the other hand, the operating temperature of HTPEMFC gives better heat recovery than 

LTPEMFC due to the higher temperature difference. HTPEMFC offers higher tolerance to CO 

impurities in the hydrogen stream. Due to the low sensitivity of CO content, there is no need for 

preferential oxidation (PROX) reactor in the fuel processing system of HTPEMFC. Therefore the 

need for compressors is eliminated too. Moreover, due to the operating temperature, there is no 

water management in HTPEMFCs. However, HTPEMCs have some unsolved issues like poor 

cathode performance due to lower power density, higher acid leaching, longer start-up time, and 

incompatibility with FC fabrication materials. Moreover, higher catalyst content in HTPEMFC 

leads to a higher capital cost for the system. (Chandan, 2013) 

In this study CHP system for better heat recovery, prefer low and intermediate temperature 

(Operating temperature of LTPEMFC and HTPEMFC respectively). Moreover, a power range of 

SOFCs and MCFCs is usually appropriate for larger plants. Furthermore, operating the very high 

temperature (of SOFCs and MCFCs) and acidic environment of electrolytes (of AFCs and PAFCs) 

have unsolved problems including, leaching, corrosive, incompatibility of materials, and low 

lifetime that are highly affecting on economics and environment of the project.  

For fuel processing technology, this study examined environmental assessment and economic 

evaluation on SMR, WGS, PROX, and PSA in integration with LTPEMFC and HTPEMFC stacks. 
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A cylindrical steam reforming unit patented by Tokyo gas company Ltd and used by Ballard Power 

System, which is the reference model that used a multi-layer cylindrical reactor including SMR, 

WGS, and PROX units. There is another reference model that contains a configuration of SMR, 

WGS, and HTPEMFC, with no PROX unit due to incorporating of a high temperature fuel cell. 

(United States Patent No. US7182921B2, 2002) (James, 2015) 

Cylindrical steam reforming as described in the referenced patent consists of three layers providing 

a compact design to convert natural gas feed to pure H2 stream for PEMFC. The central cylinder 

is a radiation-fired heater that heats helical spacer coils and cylinder surfaces to create the required 

temperature for gas reforming. Water and natural gas separately enter the second cylinder filled by 

reforming catalysts. The required heat for the steam formation and preheating of feed mixture is 

supplied by the fired heater and the reformate stream passing through the third cylinder side. In the 

design, the reforming endothermic reaction can reach a temperature above 650 [C]. The reformate 

gas enters the Water gas shift (WGS) reactor between the second and third cylinders where the CO 

converts to H2. However, a nail amount of CO still exists in the stream that has to be converted to 

H2 using the PROX process. A mixture of the stream with entering air is sent to the PROX catalyst 

bed before flowing to the FC stack. (United States Patent No. US7182921B2, 2002) 

The design can be scaled up from 1[kWe] to 25[kWe] in the same configuration by increasing the 

diameter and height of the cylinders. The 100[kWe] system can be made up of four 25[kWe] 

reactors. Reactors are placed in the layers between the cylinders. The size of reactors can be 

modulated based on the space velocity of catalysts. This modular design let the system works under 

different operating conditions. 

This study tried to investigate the impact of incorporating the PSA unit instead of the PROX unit 

in the model described as the reference model of SMR-WGS-PROX-LTPEMFC. The process 

configuration with the PSA unit was studied under name of process configuration 3. In the offered 

configuration (the process of SMR-WGS-PSA-LTPEMFC-HTPEMFC), the off-gas is used for 

further heat and power generation. This study believes that the suggested configuration can solve 

the issue of economic hindrances associated with the PSA unit of the  configuration model 3. 

Moreover, this model provides high energy efficiency and exergy efficiency and can be a 

competitive design for the reference models.  
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 METHODOLOGY OF STUDY 

The study has presented the process description for all four models including the two reference 

models (or configurations 1 and 2) and the PSA integrated model (configuration 3) and the 

proposed configuration. These process configurations were evaluated in terms of energy and 

exergy efficiency. The impact of S/F ratios (of 2, 3, and 4) was examined on the configurations in 

12 scenarios. The study assessed the scenarios in three different heat flows with the same power 

flow. System specifications and equipment sizing were presented for the scenarios. Then fuel 

consumption and CO2 emission of each scenario were calculated and compared.  

2.1 Process description 

The fuel processing system in two main steps of reforming and shift reactions transforms NG into 

hydrogen. This conversion can happen in presence of water to lead to the total equilibrium reaction 

to more hydrogen conversion. An additional amount of water in the process prevents undesired 

reactions such as coking. The dehumidified stream is sent to hydrogen extraction, then to FC for 

power production. 

The pre reforming is an endothermic reaction as follows: 

 𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2 ∆𝐻° = 206124 [𝑘𝐽 𝑘𝑚𝑜𝑙𝑒⁄ ] (7) 

 𝐶2𝐻6 + 𝐻2𝑂 → 𝐶𝑂 + 2𝐻2 + 𝐶𝐻4 ∆𝐻° = 141062 [𝑘𝐽 𝑘𝑚𝑜𝑙𝑒⁄ ] (8) 

 𝐶3𝐻8 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2 + 𝐶𝐻4 ∆𝐻° = 85314 [𝑘𝐽 𝑘𝑚𝑜𝑙𝑒⁄ ] (9) 

 𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2 ∆𝐻° = −41386 [𝑘𝐽 𝑘𝑚𝑜𝑙𝑒⁄ ] (10) 

The study investigated the process based on a patented cylindrical design by Tokyo Gas Co., Ltd 

used by Ballard Power Systems. (United States Patent No. US7182921B2, 2002) 
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The process configurations commonly are designed with the ratio of S⁄F≥2.5 to avoid coke 

deposition on catalysts, preserve the long-term operation of reforming catalysts, and increase 

overall hydrogen production (reactions (7-10)). The study examined S/F ratios of 2, 3, and 4. 

Figures 2.1 to 2.4 shows the process simulation of the unit starting with receiving a feed from the 

city pipeline at 7 bar. The mixture of the gas stream and heated steam enter to pre-steam methane 

reforming reactor. At this step, the mixture of steam and natural gas is preheated by the post-SMR 

stream. At this step, small content of ethane and propane converts to methane, and a portion of 

syngas is produced. The generated syngas in the SMR step at 800°C has a high concentration of 

CO that needs to be decreased in two-step WGS reactions. The conversion rate of reaction for S/F 

ratios of 2, 3, and 4 was assumed to be 84%, 91%, and 95% respectively. (Park, Han, & Jun, 2019) 

The HTWGS reaction at 320°C, followed by the LTWGS reaction at 160°C decreases the CO 

content to around 3%. The CO content has to be lowered for LTPEMFC to avoid catalyst poisoning. 

The PROX unit working at 140°C decreases the, and the PSA unit working at 9 bar purifies 

hydrogen for PEMFC. Before sending H2 into the PEMFC a portion of water is condensed and 

recycled to the first step. The off-gas of the PEMFC cathode stream containing unreacted hydrogen 

and a small concentration of methane is sent to SMR fired heater. 

All configurations use SMR and WGS reactor for H2 production, the power generation and heat 

recovery happens at FCs through the described process. The reference model 1 (or process 

configuration of SMR-WGS-PROX-LTPEMFC) uses a PROX reactor for CO removal. The H2 

rich stream is sent to LTPEMFC for power generation. In the reference model 2 (or configuration 

model of SMR-WGS-HTPEMFC) there is no need for CO removal after WGS since an HTPEMFC 

with higher CO toleration (3%) receives the produced hydrogen.  

In the configuration model 3 a PSA unit is used for CO removal and LTPEMFC for power 

generation. In the offered process configuration (or configuration model 4), the off-gas of the 

cathode, and PSA unit (of the configuration model 3) instead of sending to the fired heater are sent 

for a further shift reaction (to decrease the CO content) and then to an HTPEMFC for power 

generation. All cases are designed for 100 [kWe] power generatio
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Figure 2.1. A schematic of the reference configuration of SMR-WGS-PROX-LTPEMFC (or the model 1) 
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Figure 2.2 A schematic of the reference configuration of SMR-WGS-HTPEMFC (or the model 2) 
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Figure 2.3 A schematic of process the configuration 3  
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Figure 2.4 A schematic of the proposed configuration (or the configuration model 4
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The block flow diagram of the reference models and the process model 3 are as illustrated in 

Figures. 2.5, and Figure 2.6 shows the offered model.  
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Figure 2.5 Block flow diagram of the reference configurations, and the configuration 3. 
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Figure 2.6 Block flow diagram of the proposed configuration. 

The stream No. 1 is the inlet NG into the CHP system discussed as the overall fuel consumed by 

the CHP system. The stream No. 2 supplies the required fuel for reforming the fired heater and the 

stream No. 4 is the fuel processing portion. The stream No. 2 is mixed by the stream No. 17 (stack 

off gas). In the configuration model 3 the off-gas of PSA is recycled to the fired heater. In the 

offered configuration instead of burning off-gas it is sent to the secondary stack. Stream No. 3 is 

the recycled water from the post-reforming units including streams No. 9, 13, 16, and No. 21 (only 

in the proposed configuration) and stream No. 18 is the wastewater. Streams No. 7, 11 (only a small 

portion to POX reactor in the reference configuration model of SMR-WGS-PROX-LTPEMFC), 

15, and 20 (only in the offered model) are compressed air. Power streams of W1, W2, W3, and W5 

(only in the proposed configuration) are input power of the system for rotary equipment (pump, 

fin, and compressor), while W4 and W6 (only in the suggested configuration) are the generated 

power of the stacks. Stream No. 6 is the burner flue gas. Q1, Q2, Q3, and Q5 (only in the proposed 

configuration) are other waste heat to the environment of condensers and coolants, where the Q4 
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and Q6 (only in the offered process model) are the generated heat by stack deliverable to the 

customer. The table 2.1, 2.2, 2.3, and 2.4 show a mass balance of the reference models, process 

model 3, and the proposed configuration respectively at S/F ratio 3. 

Table 2.1 composition and mass balance of main streams for the reference configuration of SMR-

WGS-PROX-LTPEMFC at S/F ratio 3 

Stream No. 1 3 8 10 14 17 18 

C3H8 [mol%] 0% 0% 0% 0% 0% 0% 0% 

C2H6 [mol%] 4% 0% 0% 0% 0% 0% 0% 

CH4 [mol%] 95% 0% 1% 1% 1% 1% 0% 

H2 [mol%] 0% 0% 52% 73% 63% 9% 0% 

H2O [mol%] 0% 100% 30% 6% 2% 9% 100% 

CO [mol%] 0% 0% 12% 4% 0% 0% 0% 

CO2 [mol%] 0% 0% 4% 15% 18% 11% 0% 

N2 [mol%] 1% 0% 0% 0% 16% 69% 0% 

O2 [mol%] 0% 0% 0% 0% 0% 2% 0% 

Flow rate [kgmol/h] 1.61 3.87 7.65 6.41 7.01 11.74 0.35 

C3H8 [kg/h] 1% 0% 0% 0% 0% 0% 0% 

C2H6 [kg/h] 7% 0% 0% 0% 0% 0% 0% 

CH4 [kg/h] 90% 0% 2% 2% 1% 0% 0% 

H2 [kg/h] 0% 0% 9% 14% 9% 1% 0% 

H2O [kg/h] 0% 100% 45% 11% 2% 6% 100% 

CO [kg/h] 0% 0% 28% 11% 0% 0% 0% 

CO2 [kg/h] 1% 0% 16% 63% 55% 18% 0% 

N2 [kg/h] 1% 0% 0% 0% 32% 73% 0% 

O2 [kg/h] 0% 0% 0% 0% 1% 2% 0% 

Flow rate [kg/h] 27.07 69.73 91.39 68.98 99.92 311.50 6.30 

Temperature [C] 30.0 60.9 300.0 84.0 55.0 50.0 60.8 

Pressure [kPa] 700.0 1000.0 944.0 919.0 901.0 135.0 135.0 

Heat flow [kJ/h] -121995.7 -1096855.6 -728430.5 -508784.2 -523736.7 -750613.7 -99068.5 

Table 2.1 shows the mass balance of the mainstream in the reference configuration of SMR-WGS-

PROX-LTPEMFC (or the configuration 1). The streams 1 and 2 are feed and water respectively at 

S/F ratio 3. The stream 8 is the SMR outlet stream at 300°C and 944 [kPa]. The molar fraction of 

the stream shows that the whole methane almost transformed to H2. The stream 10 is the outlet of 

the WGS unit at 84°C shows the CO mole decreased from 12% to 4%. The outgoing stream of the 

PROX unit (No.14) is ready to enter LTPEMFC. After heat recovery, the stream 17 leaves the stack 

at 50°C and pressure of 135 [kPa] and is ready to be sent to the fired heater.  
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Table 2.2 composition and mass balance of main streams for the reference process of SMR-

WGS-HTPEMFC at S/F ratio 3 

Stream No. 1 3 8 10 14 17 18 

C3H8 [mol%] 0% 0% 0% 0% 0% 0% 0% 

C2H6 [mol%] 4% 0% 0% 0% 0% 0% 0% 

CH4 [mol%] 95% 0% 1% 1% 1% 1% 0% 

H2 [mol%] 0% 0% 52% 76% 76% 7% 0% 

H2O [mol%] 0% 100% 30% 2% 2% 9% 100% 

CO [mol%] 0% 0% 12% 4% 4% 3% 0% 

CO2 [mol%] 0% 0% 4% 16% 16% 9% 0% 

N2 [mol%] 1% 0% 0% 0% 0% 70% 0% 

O2 [mol%] 0% 0% 0% 0% 0% 0% 0% 

Flow rate [kgmol/h] 1.40 3.66 7.24 5.78 5.78 10.00 0.64 

C3H8 [kg/h] 1% 0% 0% 0% 0% 0% 0% 

C2H6 [kg/h] 7% 0% 0% 0% 0% 0% 0% 

CH4 [kg/h] 90% 0% 2% 2% 2% 0% 0% 

H2 [kg/h] 0% 0% 9% 15% 15% 1% 0% 

H2O [kg/h] 0% 100% 45% 3% 3% 6% 100% 

CO [kg/h] 0% 0% 28% 12% 12% 3% 0% 

CO2 [kg/h] 1% 0% 16% 68% 68% 15% 0% 

N2 [kg/h] 1% 0% 0% 0% 0% 74% 0% 

O2 [kg/h] 0% 0% 0% 0% 0% 0% 0% 

Flow rate [kg/h] 23.55 65.95 86.42 60.19 60.19 265.38 11.49 

Temperature [C] 30.0 51.9 300.0 55.0 55.0 50.0 51.8 

Pressure [kPa] 700.0 1005.0 949.0 929.0 929.0 135.0 135.0 

Heat flow [kJ/h] -106145.7 -1039919.3 -688844.6 -419280.3 -419280.3 -614190.6 -181118.1 

The data of streams in the reference configuration of SMR-WGS-HTPEMFC to some extent is the 

same as for the reference configuration of SMR-WGS-PROX-LTPEMFC. However, the reference 

model of SMR-WGS-HTPEMFC receives 1.4 [kgmol/h] that is lower than molar flow rate of the 

feed for the reference configuration of SMR-WGS-PROX-LTPEMFC (1.6 [kgmol/h]). Moreover, 

since the power generator is HTPEMFC, there is no need for further H2 purification after the WGS 

reaction. Therefore, the CO content of the stream No. 14 is much higher than what was reported 

for the reference process of SMR-WGS-PROX-LTPEMFC.  
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Table 2.3 composition and mass balance of main streams for the configuration 3 at S/F ratio 3 

Stream No. 1 3 8 10 14 17 18 

C3H8 [mol%] 0.2% 0% 0.0% 0.0% 0.0% 0.0% 0.0% 

C2H6 [mol%] 4.0% 0% 0.0% 0.0% 0.0% 0.0% 0.0% 

CH4 [mol%] 94.7% 0% 1.1% 1.4% 0.0% 0.0% 0.0% 

H2 [mol%] 0.2% 0% 52.4% 76.8% 99.8% 11.2% 0.0% 

H2O [mol%] 0.0% 100% 30.0% 1.1% 0.1% 9.2% 100.0% 

CO [mol%] 0.0% 0% 12.0% 4.4% 0.0% 0.0% 0.0% 

CO2 [mol%] 0.3% 0% 4.3% 16.2% 0.1% 0.0% 0.0% 

N2 [mol%] 0.6% 0% 0.1% 0.1% 0.1% 77.7% 0.0% 

O2 [mol%] 0 0% 0.0% 0.0% 0.0% 1.9% 0.0% 

Flow rate [kgmol/h] 1.62 4.41 8.72 6.92 4.74 9.70 0.14 

C3H8 [kg/h] 0.5% 0% 0.0% 0.0% 0.0% 0.0% 0.0% 

C2H6 [kg/h] 7.2% 0% 0.0% 0.0% 0.0% 0.0% 0.0% 

CH4 [kg/h] 90.5% 0% 1.5% 2.2% 0.0% 0.0% 0.0% 

H2 [kg/h] 0.0% 0% 8.8% 14.9% 96.8% 0.9% 0.0% 

H2O [kg/h] 0.0% 100% 45.3% 1.9% 0.6% 6.8% 100.0% 

CO [kg/h] 0.0% 0% 28.2% 11.9% 0.2% 0.0% 0.0% 

CO2 [kg/h] 0.8% 0% 15.9% 68.7% 1.3% 0.1% 0.0% 

N2 [kg/h] 1.00E-02 0% 0.2% 0.3% 1.0% 89.7% 0.0% 

O2 [kg/h] 0 0% 0.0% 0.0% 0.0% 2.5% 0.0% 

Flow rate [kg/h] 27.15 79.47 104.15 71.65 9.84 235.21 2.45 

Temperature [C] 30 48 300 45 55 50 48 

Pressure [kPa] 700 1005 948 928 140 135 135 

Heat flow [kJ/h] -122336.12 -1254303.99 -830053 -495556.019 1918.07774 -209566 -38630.3194 

By comparing the table 2.3 with the previous tables, it was observed that the feed flow rate at the 

process model 3 is similar to what is described in the table 2.1 for the reference configuration of 

SMR-WGS-PROX-LTPEMFC. However, the lower molar flow rate at stream 14 shows an obvious 

difference between the H2 recovery of the PSA unit in this model (4.74 [kgmol/h]) and what was 

reported for the reference configuration of SMR-WGS-PROX-LTPEMFC in table 2.1 (7.01 

[kgmol/h]). Since there is a relevance between the required molar flow of air (or O2) and the 

supplied H2 at the PEMFC stack, the molar flow of stream 17 (9.7 [kgmol/h]) is the lowest among 

the reference processes and process model 3. 
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Table 2.4 composition and mass balance of main streams for the offered configuration at S/F ratio 

3 

Stream No. 1 3 8 10 14 17 22 18 

C3H8 [mol%] 0% 6.86E-21 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

C2H6 [mol%] 4% 7.83E-15 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

CH4 [mol%] 95% 7.76E-10 1.1% 1.4% 0.0% 0.0% 0.7% 0.0% 

H2 [mol%] 0% 4.89E-06 52.6% 76.7% 99.8% 11.2% 2.5% 0.0% 

H2O [mol%] 0% 0.999834 29.8% 1.3% 0.1% 9.2% 9.2% 100.0% 

CO [mol%] 0% 3.17E-07 11.9% 4.4% 0.0% 0.0% 2.3% 0.0% 

CO2 [mol%] 0% 0.000154 4.5% 16.1% 0.1% 0.0% 8.5% 0.0% 

N2 [mol%] 1% 6.15E-06 0.1% 0.1% 0.1% 77.7% 75.5% 0.0% 

O2 [mol%] 0% 8.23E-08 0.0% 0.0% 0.0% 1.9% 1.2% 0.0% 

Flow rate [kgmol/h] 1.49 3.36 6.65 5.28 3.61 7.40 10.06 0.94 

C3H8 [kg/h] 1% 1.68E-20 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

C2H6 [kg/h] 7% 1.31E-14 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

CH4 [kg/h] 90% 6.91E-10 1.5% 2.2% 0.0% 0.0% 0.4% 0.0% 

H2 [kg/h] 0% 5.47E-07 8.9% 14.9% 96.6% 0.9% 0.2% 0.0% 

H2O [kg/h] 0% 0.999612 45.0% 2.2% 0.8% 6.8% 6.0% 100.0% 

CO [kg/h] 0% 4.93E-07 27.8% 11.9% 0.2% 0.0% 2.3% 0.0% 

CO2 [kg/h] 1% 0.000377 16.5% 68.5% 1.3% 0.1% 13.5% 0.0% 

N2 [kg/h] 1% 9.56E-06 0.2% 0.3% 1.0% 89.7% 76.3% 0.0% 

O2 [kg/h] 0% 1.46E-07 0.0% 0.0% 0.0% 2.5% 1.4% 0.0% 

Flow rate [kg/h] 25.01 60.54418 79.34 54.82 7.52 179.47 279.08 16.95 

Temperature [C] 30 48.66385 300 46 50 50 50 48 

Pressure [kPa] 700 1005 849 829 140 135 135 135 

Heat flow [kJ/h] -112698 -955516 -632508 -380318 830.5978 -159908 -583375 -267509 

The mass balance of the offered configuration (the process of SMR-WGS-PSA-LTPEMFC-

HTPEMFC) in table 2.4 shows that there is a lower molar flow required for feed (1.49 [kgmol/h]) 

in comparison with the model 3 (1.62 [kgmol/h]). The reason is that with the recovery of the H2 

exists in the PSA unit and generating extra power (and heat) the system would need a lower feed 

flow.  
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2.2 Energy efficiency  

To investigate the efficiency of the design all configurations are examined under the same operating 

conditions and in three S/F ratios of 2, 3, and 4. The model uses the lowest amount of fuel that 

operates at the highest efficiency. The electrical efficiency is the percentage of the ratio of net CHP 

output electrical power per total input CHP fuel power as follows: 

Table 2.5 shows that, increasing S/F ratio for all configurations decreases the process fuel 

consumption. The data is classified in 12 study scenarios.  

  

 
𝜖 =

 ẇ𝑒𝑙

 𝐻𝐻𝑉𝑁𝐺  ṁ𝑁𝐺
 

(11) 

Where: 

𝜖: Electrical efficiency of the system  

ẇ𝑒𝑙: Net electrical power of the system 

𝐻𝐻𝑉𝑁𝐺: High heat value of NG 

ṁ𝑁𝐺: Flow rate of NG 
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Table 2.5 Comparison among energy efficiency of scenarios 1-12. 

Scenario 
Process 

model 

S/F 

ratio 

Processor fuel 

consumption 

CHP fuel 

consumption 

Gross power 

generation 
𝝐 

CHP heat 

generation 

   [kgmole/h] [kgmole/h] [kW]  [kW.h] 

1 11 2 1.53 1.68 124.9 24% 229.4 

2 22 2 1.35 1.35 117.4 30% 233.9 

3 33 2 1.65 1.65 132.3 24% 244.5 

4 44 2 1.25 1.56 133.5 26% 242.8 

5 1 3 1.29 1.61 121.9 25% 224.6 

6 2 3 1.22 1.40 117.7 28% 234.5 

7 3 3 1.47 1.62 132.1 25% 242.5 

8 4 3 1.12 1.49 133.3 27% 242.2 

9 1 4 1.17 1.47 120.2 28% 219.9 

10 2 4 1.16 1.51 118.1 26% 234.4 

11 3 4 1.41 1.55 132.2 26% 244.6 

12 4 4 1.07 1.49 133.2 27% 242.1 

CHP fuel consumption has a reverse relation with electrical efficiency. It means at a specific net 

output of electrical power every system uses a lower fuel consumption and has a higher electrical 

efficiency (correlation 11). The most electrical efficient CHP system in the table is the reference 

configuration of SMR-WGS-HTPEMFC at an S/F ratio of 2 (scenario 2 with the efficiency of 

30%). It is comparable with configurations 1 and 3 at the same S/F ratio (scenarios 1 and 3), which 

are the least efficient CHP systems (24%). An increase in the S/F ratio rises the efficiency of the 

models 1 and 3 (scenarios 1 and 3 vs scenarios 5 and 7 vs scenarios 9 and 11). The figure for the 

reference configuration of SMR-WGS-HTPEMFC is vice versa when the overall fuel consumption 

drops at a higher S/F ratio (scenario 2 vs scenarios 6 and 10). The configuration 3 (the model of 

SMR-WGS-PSA-LTPEMFC) shows the highest fuel consumption at each S/F ratio and hits the 

lowest electrical efficiency for every S/F ratio. The process fuel consumption in the suggested 

configuration (the model of SMR-WGS-PSA-LTPEMFC-HTPEMFC) is the lowest among all 

                                                 

1 The reference configuration of SMR-WGS-PROX-HTPEMFC 

2 The reference configuration of SMR-WGS-HTPEMFC 

3 The configuration 3 

4 The proposed configuration 
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models for each S/F ratio. Moreover, the table shows that the change in the S/F ratio has a moderate 

impact on fuel consumption and electrical efficiency of the proposed process. 

Since the heat source of the CHP system is the stack, the heat generation of the CHP system should 

be directly related to gross power generation. It can be seen when the reference process of SMR-

WGS-PROX-LTPEMFC is compared with the process model 3. A similar trend is observed when 

the S/F ratio increase (e.g. scenarios 1, 5, and 9). However, a higher reaction conversion rate of 

HTPEMFC (the reference model of SMR-WGS-HTPEMFC) compared with LTPEMFC (the 

reference configuration of SMR-WGS-PROX-LTPEMFC) leads to a higher heat generation at a 

higher electrical efficiency. The study has a deeper investigation of the behavior of the scenarios 

in terms of, efficiency, fuel consumption, CO2 emission, and economics. 

 

2.3 Exergy efficiency  

Using exergy analysis efficiency of the configurations (for S/F ratio of 3) were investigated. The 

exergy is calculated by physical and chemical exergy of the component. (Tsatsaronis, 2007) 

 𝐸𝑠𝑦𝑠 = 𝐸𝑠𝑦𝑠
𝑃𝐻 + 𝐸𝐶𝐻+𝐸𝐾𝑁+𝐸𝑃𝑇 (12) 

Where: 

𝐸𝑠𝑦𝑠: Exergy of the system 

𝐸𝑃𝐻: Physical exergy of the system 

𝐸𝐶𝐻: Chemical exergy 

𝐸𝐾𝑁: Kinetic exergy 

𝐸𝑃𝑇: Potential exergy 

In this study kinetic and potential exergies can be ignored. The physical exergy is made up 

mechanical and thermal exergies.  

 𝐸𝑃𝐻 = 𝐸𝑀 + 𝐸𝑇 (13) 
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Where: 

𝐸𝑀: Mechanical exergy of the component 

𝐸𝑇: Thermal exergy of the component 

 𝐸𝑠𝑦𝑠
𝑃𝐻 = (𝑈 − 𝑈0) + 𝑃0(𝑉 − 𝑉0) − 𝑇0(𝑆 − 𝑆0) (14) 

Where: 

𝑈: Internal energy 

𝑈0: Internal energy at environment condition 

𝑃0: Pressure at environment condition 

𝑉: Volume of component 

𝑉0: Volume of component at environment condition 

𝑇0: Temperature at the environment 

𝑆: Entropy 

𝑆0: Entropy at environment condition 

 

So, the physical exergy can be calculated as follows: 

 𝐸𝑠𝑦𝑠
𝑃𝐻 = (𝐻 − 𝐻0) − 𝑇0(𝑆 − 𝑆0) (15) 

Where: 

𝐻: Enthalpy 

𝐻0: Enthalpy at environment condition 

Chemical exergy of a mixture can be determined as follows: 

 𝐸𝐶𝐻 = 𝑚 ∑ 𝑥𝑖𝐸𝑖
𝐶𝐻 +  𝑅𝑇𝑚 ∑ 𝑥𝑖  𝐿𝑛𝑥𝑖

𝑖

 

𝑖

 
(16) 
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Where: 

𝑚: Mass of the mixture 

𝑥𝑖: Molly ratio of the component i 

𝑅: Universal gas constant 

𝑇: Temperature 

In a steady state condition process in a unit the exergy balance for a flow containing component k 

is calculated as follows: 

 ∑ Ė𝐹,𝑘𝑗 =∑ Ė𝑃,𝑘𝑗 + Ė𝐷,𝑘 (17) 

Where: 

Ė𝐹,𝑘: Exergy of fuel stream (entering stream to the process unit) 

Ė𝑃,𝑘: Exergy of product stream (outgoing stream from the process unit) 

∑ Ė𝐹,𝑘𝑗 : Total exergy of fuel stream 

∑ Ė𝑃,𝑘𝑗 : Total exergy of product stream 

Ė𝐷,𝑘:Exergy destruction in the unit 

 

With calculating stream exergies the overall system exergy is comparable as reported in the table 

2.6. 
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Table 2.6 Exergy estimation for main streams of configurations 1, 2, 3, and 4 at S/F ratio 3. 

Stream 

No. 

The reference configuration of 

SMR-WGS-PROX-LTPEMFC 

The reference configuration 

of SMR-WGS-HTPEMFC 

Process 

Configuration 3 

The proposed 

configuration 

 Ė [kW] Ė [kW] Ė [kW] Ė [kW] 

1 383.4 333.6 384.4 354.2 

2 76.7 43.5 35.0 87.9 

3 1.2 1.0 1.2 0.9 

4 312.6 295.3 356.2 271.0 

5 167.4 134.0 190.0 142.9 

6 20.1 16.5 21.3 21.5 

7 0.2 0.1 0.2 0.2 

8 374.4 354.1 426.7 324.5 

9 0.5 0.4 0.5 0.4 

10 358.7 338.4 407.7 310.3 

11 0.04 N/A N/A N/A 

12 N/A N/A 88.9 67.5 

13 0.2 N/A 0.0 N/A 

14 320.8 338.4 311.1 237.4 

15 0.2 0.2 0.3 N/A 

16 0.7 0.8 0.7 0.6 

17 92.1 91.6 72.8 55.6 

18 0.1 0.2 0.037 0.3 

19 N/A N/A N/A 119.7 

20 N/A N/A N/A 0.1 

21 N/A N/A N/A 0.2 

22 N/A N/A N/A 56.4 

W1 2.7 2.0 1.2 2.0 

W2 3.4 N/A 15.6 11.7 

W3 2.9 2.9 3.1 2.3 

W4 122.3 117.6 131.6 100.5 

W5 N/A N/A N/A 4.3 

W6 N/A N/A N/A 32.8 

Q1 6.2 7.7 9.4 7.3 

Q2 16.3 N/A 4.9 3.7 

Q3 3.8 5.4 4.2 24.4 

Q4 38.2 75.8 41.2 31.3 

Q5 N/A N/A N/A 7.5 

Q6 N/A N/A N/A 18.7 

To compare the performance of the configurations, the exergy efficiency of the units and the system 

can be estimated by exergy balance. Calling the entering stream to an open system fuel, the 
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outgoing stream of the system product, and wasting stream to the environment loss the exergy 

balance of the unit and the system would be as follows: 

Table 2.7 Exergy balance for the process models. 

Process 

configuration 
Unit Exergy of fuel Exergy of product Exergy of loss 

  ĖF ĖP ĖL 

11, 22, 33 

SMR Ė4+Ė5+Ė7+W1 Ė8 Ė6 

WGS Ė8 Ė9+Ė10 Q1 

CO 

removal 
Ė10+Ė11+W2 Ė12+Ė13+Ė14 Q2 

PEMFC Ė14+Ė15+W3 Ė16+Ė17+W4+Q4 Q3 

Overall 

CHP 

system 

Ė1+Ė7+Ė11+Ė15+W1+W2+W3 W4+Q4 Ė6+Ė18+Q1+Q2+Q3 

44 

SMR Ė4+Ė5+Ė7+W1 Ė8 Ė6 

WGS Ė8 Ė9+Ė10 Q1 

CO 

removal 
Ė10+Ė11+W2 Ė12+Ė13+Ė14 Q2 

PEMFC1 Ė14+Ė15+W3 Ė16+Ė17+W4+Q4 Q3 

PEMFC2 Ė19+Ė20+W5 Ė21+Ė22+W6+Q6 Q5 

Overall 

CHP 

system 

Ė1+Ė7+Ė11+Ė15+Ė20+W1+W2+W3+W5 W4+W6+Q4+Q6 Ė6+Ė18+Q1+Q2+Q3+Q5 

 

  

                                                 

1   The reference configuration of SMR-WGS-PROX-HTPEMFC 

2   The reference configuration of SMR-WGS-HTPEMFC 

3   The configuration 3 

4   The proposed configuration 
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The exergy efficiency of an open system could be calculated as follows: 

  𝜂=(1 −
Ė𝐷

Ė𝐹
) ∗ 100 (18) 

Where: 

𝜂: Exergy efficiency 

Ė𝐷: Exergy destruction 

Ė𝐹: Exergy of fuel stream (entering stream to the process unit) 

 

The exergy destruction correlation is as follows: 

  Ė𝐷=Ė𝐹 − (Ė𝑃 + Ė𝐿) (19) 

Where: 

Ė𝐷: Exergy destruction 

Ė𝐹: Exergy of fuel stream 

Ė𝐿: Exergy loss (Waste stream from the process unit to the environment) 

Ė𝑃,𝑘: Exergy of product stream (outgoing stream from the process unit) 

The result of the exergy balance for each model is reported as follows on the table 2.8:  
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Table 2.8 Exergy efficiency estimation for process configurations at S/F ratio 3. 

Process 

configuration 
Unit ĖF ĖP ĖL ĖD η 

  [kW] [kW] [kW] [kW] % 

The reference 

model of 

SMR-WGS-

PROX-

HTPEMFC 

SMR 482.9 374.4 20.1 88.4 82% 

WGS 374.4 359.1 6.2 9.1 98% 

CO removal 362.1 321.0 16.3 24.8 93% 

PEMFC 323.9 253.2 3.8 66.9 79% 

Overall CHP system 392.9 160.5 46.5 185.9 53% 

The reference 

model of 

SMR-WGS-

HTPEMFC 

SMR 431.4 354.1 16.5 77.3 82% 

WGS 354.1 338.9 7.7 15.3 96% 

PEMFC 341.6 285.8 5.4 55.7 84% 

Overall CHP system 338.8 193.4 29.7 145.4 57% 

The model 3 

SMR 547.6 426.7 21.3 99.6 82% 

WGS 426.7 408.2 9.4 9.2 98% 

CO removal 423.3 400.0 4.9 18.4 96% 

PEMFC 314.4 246.4 4.2 63.8 80% 

Overall CHP system 404.9 172.8 39.8 192.2 53% 

The proposed 

model 

SMR 416.0 324.5 21.5 69.9 83% 

WGS 324.5 310.6 7.3 6.6 98% 

CO removal 322.0 304.9 3.7 13.3 96% 

PEMFC1 239.8 187.9 24.4 27.4 78% 

PEMFC2 124.1 108.1 7.5 8.4 98% 

Overall CHP system 374.7 183.3 64.8 126.7 66% 

Since the operating conditions for all configurations is assumed to be the same the exergy 

evaluation presents almost similar results. Table 2.8 shows that shift reactor destruct the smallest 

amount of exergy. There is few difference between the CO removal unit of POX and PSA exergy 

destruct, so regardless of the type of the technology a small portion of exergy destruction happens 

in CO removal. Among the CHP’s units, the most exergy destruction happens in the stack, and the 

portion for LTPEMFC is higher than HTPEMFC. That is why the reference model of SMR-WGS-

HTPEMFC destruct lower exergy than the reference process of SMR-WGS-PROX-LTPEMFC and 

the configuration 3 (the model of SMR-WGS-PSA-LTPEMFC). However, hydrogen recovery in 

the offered model (the process of SMR-WGS-PSA-LTPEMFC-HTPEMFC) declines the exergy 
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destruction remarkably to the lowest amount of 126.7 [kW]. This process model escalates the 

exergy efficiency from 53% (of the model 3) to the highest amount of 66%.  
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 ANALYTICAL APPROACHES OF THE STUDY 

To have a better performance comparison of the configurations, both economic and environmental 

aspects of the scenarios have to be analyzed. From the environmental and economical points of 

view, CO2 emission and operating cost of the project need to estimate fuel consumption in each 

scenario. For a specific power generation, the less efficient system uses more fuel. However, since 

the main priority of design is power supply, the CHP system may not meet the heat demand of the 

building. Therefore, the heat demand of the system can have an impact on the fuel consumption, 

CO2 emission, and operating cost of the project. It means, moreover than the power load of the 

system, the heat load of the system would be a determining factor.  

3.1 Description of CHP system 

The system receives natural gas as fuel, with air and water for the process. The design can work 

off-grid and on-grid to receive the required power in a demanding time and sell the surplus power 

to the grid during off-peak time. The system would be designed based on hourly power-demanding 

statistics in a year. Economic and environmental aspects must be investigated for all cases to 

evaluate the most optimum scenario among options. In this way, the study proposed the application 

of various technologies for a combined heat and power system. The technologies include low-

temperature proton exchange membrane fuel cells, high-temperature proton exchange membrane 

fuel cells, and a combined LT/HT-PEMFC model. The impact of the integration of a PEMFC-CHP 

on a common on-grid power system and heated by a boiler. The target of the study is a middle-rise 

residential building with 100[kWe] power usage.  

3.1.1 Power load 

An off-grid system can work independently or it can use the grid power in the most demanding 

time and return the surplus power to the grid for revenue. To simplify the comparison of the 

configurations for the CHP design the study assumed the same power demand and surplus on a 

yearly basis. The daily-based required average power for the residential building was assumed to 

be as described in Figure 3.1. 



36 

 

 

Figure 3.1 A comparison of minimum and maximum electrical power load of building with CHP 

system 

By the average data from Figure 3.1, January showed the highest electric power demand month of 

the year. The peak power is around 100 [kW] (at 6 pm) and it decreases to 40 [kW] across the day. 

Surplus power exists in all month of the year, and the maximum power demand in summer is at the 

lowest rate, which means the CHP system generates more surplus electrical power and sell it back 

to the grid.  

3.1.2 Heat load 

The hourly based required average heat power for a residential building was assumed to be as 

described in Figure 3.2. Figure 3.2 shows the system average daily heat demand of the building 

and the heat coverage by the CHP system (the reference model of SMR-WGS-PROX-LTPEMFC 

at S/F ratio 3) in a year: 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

CHP power generation [kW] 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Maximum power demand [kW] 100.2 96.8 93.5 90.2 86.8 83.5 83.5 83.5 86.8 93.5 96.8 96.8

Minimum power demand [kW] 43.2 34.9 33.7 38.8 31.3 30.1 30.1 30.1 31.3 35.4 35.8 36.6
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Figure 3.2 A comparison of minimum and maximum heat power load of building with CHP 

system (the reference model of SMR-WGS-PROX-LTPEMFC at S/F ratio 3) 

As can be seen in the figure 3.2, there is a wide difference in heat demand during minimum and 

peak times of the days. The generated heat by the CHP system is much more than the peak of the 

months including (partly) May, Jun, July, August, and (partly) September. However, the generated 

heat cannot meet the peak demand of heat in the rest months of the year may even by storage of 

hot water during the lower demand hours of the day. It shows the need for a detailed calculation of 

the heat balance of the system month by month. In this way, the required heat supply by the existing 

boiler can be considered in calculations. To simplify the estimation with the assumption of no heat 

lost when storing hot water in low-demand time.  

Table 3.1 shows the heat power and total heat energy that is supplied by the existing boiler 

(highlighted in gray) to support the CHP system. The reported data in the table was calculated by 

the difference between the demanding heat profile and CHP heat generation per hour for each 

month. The negative amounts are the shortage of heat that has to be supported by the existing 

boiler.   

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Maximum heat demand [kW] 491.5 445.7 396.5 315.5 221.2 132.6 131.1 149.7 236.0 290.9 423.6 455.3

CHP heat generation [kW] 224.6 224.6 224.6 224.6 224.6 224.6 224.6 224.6 224.6 224.6 224.6 224.6

Minimum heat demand [kW] 154.2 129.2 96.1 84.8 56.6 12.8 19.5 28.0 69.9 70.6 107.4 132.2

0.0

100.0

200.0

300.0

400.0

500.0

600.0

H
ea

t 
d

em
an

d
 [

kW
]

Average daily heat demand range



38 

 

Table 3.1 Difference between heat demand of the building and heat coverage by CHP system (the 

reference configuration of SMR-WGS-PROX-LTPEMFC, at S/F ratio 3, and heat load 1).  

Hours Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0 -27 40 20 82 134 162 178 187 123 97 40 -9 

1 6 54 59 93 133 184 200 194 112 117 67 39 

2 -36 19 66 60 94 199 199 169 112 99 21 -29 

3 -38 -6 29 76 129 154 183 174 99 67 36 -6 

4 -137 -75 2 59 73 180 152 140 105 20 -38 -79 

5 -179 -78 -104 -44 31 135 179 144 22 33 -90 -117 

6 -156 -87 -54 44 62 188 179 127 96 9 -54 -120 

7 -144 -92 -2 6 70 143 198 123 89 46 -29 -99 

8 -114 -53 -42 -1 70 185 161 147 92 33 -33 -89 

9 -73 -19 -2 81 95 169 179 171 91 81 -2 -36 

10 8 49 62 93 138 190 203 166 143 91 60 32 

11 40 79 100 102 135 212 190 197 143 120 85 52 

12 34 64 92 105 144 182 198 190 144 113 77 66 

13 45 71 113 127 134 175 197 185 148 141 86 50 

14 70 95 128 140 168 193 205 184 147 154 117 92 

15 51 82 108 129 156 190 193 176 140 119 97 76 

16 17 45 59 109 127 183 198 184 155 121 76 40 

17 -64 -54 0 40 99 149 156 153 86 57 -18 -54 

18 -267 -221 -172 -91 3 92 93 75 -11 -66 -199 -231 

19 -192 -153 -103 -25 44 118 125 101 28 -35 -134 -165 

20 -149 -133 -77 3 40 121 145 111 28 0 -91 -129 

21 -85 -41 -17 23 83 148 144 130 67 39 -37 -78 

22 -52 -10 2 54 100 154 151 150 100 59 -6 -40 

23 -11 -5 42 80 117 168 171 156 113 82 20 -5 

Sum [kWh/d] -1,450 -426 307 1,345 2,379 3,972 4,176 3,734 2,374 1,595 54 -836 

Boiler generation [kWh/d] 1,450 426 0 0 0 0 0 0 0 0 0 836 

Boiler generation [kWh/m] 43,508 12,779 0 0 0 0 0 0 0 0 0 25,084 
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The table shows the calculation for the reference configuration 1 at an S/F ratio of 3, the shortage 

of heat (in gray) needs the coverage of the existing boiler. The heat participation of boiler in 4 

process models, at 3 S/F ratio creates 12 scenarios. 

To investigate the impact of heat loads on the economic and environmental aspects of the project, 

this study considered two other heat loads with a variation of ±30% to heat load 1. The -30% (heat 

load 2) shows a building with probably better thermal isolation. In addition, the +30% (heat load 

3) displays an older building with weaker thermal isolation or a commercial building. The data for 

4 process models, in 3 S/F ratios, and in 3 heat loads provides 36 scenarios. 

Table 3.2 CHP heat generation and existing boiler heat supply for different scenarios 

Scenario 
Process 

configuration 

S/F 

ratio 

Heat 

load 

Gross power 

generation 

CHP 

electrical 

efficiency 

(HHV) 

CHP overall 

heat 

generation 

Overall heat 

demand 

Boiler heat 

generation 

    x105 [kW.h/y]  x105 [kW.h/y] x105 [kW.h/y] x105 [kW.h/y] 

1 11 2 1 10.9 24% 19.98 14.43 0.74 

2 22 2 1 10.3 30% 20.33 14.43 0.65 

3 33 2 1 11.6 24% 21.42 14.43 0.40 

4 44 2 1 11.7 26% 21.27 14.43 0.42 

5 1 3 1 10.7 25% 19.67 14.43 0.81 

6 2 3 1 10.3 28% 20.54 14.43 0.60 

7 3 3 1 11.6 25% 21.25 14.43 0.43 

8 4 3 1 11.7 27% 21.22 14.43 0.43 

9 1 4 1 10.5 28% 19.10 14.43 0.99 

10 2 4 1 10.3 26% 20.67 14.43 0.57 

                                                 

1 The reference configuration of SMR-WGS-PROX-HTPEMFC 

2 The reference configuration of SMR-WGS-HTPEMFC 

3 The configuration 3 

4 The proposed configuration 
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11 3 4 1 11.6 26% 21.42 14.43 0.40 

12 4 4 1 11.7 27% 21.34 14.43 0.41 

13 1 2 2 10.9 24% 19.98 10.10 0.00 

14 2 2 2 10.3 30% 20.33 10.10 0.00 

15 3 2 2 11.6 24% 21.42 10.10 0.00 

16 4 2 2 11.7 26% 21.27 10.10 0.00 

17 1 3 2 10.7 25% 19.67 10.10 0.00 

18 2 3 2 10.3 28% 20.54 10.10 0.00 

19 3 3 2 11.6 25% 21.25 10.10 0.00 

20 4 3 2 11.7 27% 21.22 10.10 0.00 

21 1 4 2 10.5 28% 19.10 10.10 0.00 

22 2 4 2 10.3 26% 20.67 10.10 0.00 

23 3 4 2 11.6 26% 21.42 10.10 0.00 

24 4 4 2 11.7 27% 21.34 10.10 0.00 

25 1 2 3 10.9 24% 19.98 18.77 3.22 

26 2 2 3 10.3 30% 20.33 18.77 3.07 

27 3 2 3 11.6 24% 21.42 18.77 2.63 

28 4 2 3 11.7 26% 21.27 18.77 2.69 

29 1 3 3 10.7 25% 19.67 18.77 3.34 

30 2 3 3 10.3 28% 20.54 18.77 2.99 

31 3 3 3 11.6 25% 21.25 18.77 2.70 

32 4 3 3 11.7 27% 21.22 18.77 2.71 

33 1 4 3 10.5 28% 19.10 18.77 3.58 

34 2 4 3 10.3 26% 20.67 18.77 2.93 

35 3 4 3 11.6 26% 21.42 18.77 2.62 

36 4 4 3 11.7 27% 21.34 18.77 2.66 

As it was discussed the behavior of the reference process configurations in terms of electrical 

efficiency, CHP heat generation, and the need for boiler heat supply are different against changes 

in S/F ratio. In this term, the configuration 3 (the model of SMR-WGS-PSA-LTPEMFC) and the 



41 

 

proposed configuration have a minor change by S/F ratio change. As was shown before the 

scenarios in heat load 1 did not need big heat support from the boiler. As can be seen in table 3.2, 

heat load 2 does not need the boiler heat, and the CHP system in all scenarios fully covers the heat 

demand of the building. In contrast, the need for boiler participation in heat load 3 is an obvious.  

In all cases, the reference configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio 4 generates 

the lowest amount of heat 19.1x105 [kW.h/y] and the CHP with the configuration 3 produces the 

highest amount of heat that is around 21.4x105 [kW.h/y]. The minimum and maximum heat 

generation of CHP system in heat load 1 are about 1x105 [kW.h/y] (scenario 9) and 0.4x105 

[kW.h/y] (scenario 11) respectively. The figure for the minimum and the maximum heat generation 

in heat load 3 are about 3.6x105 [kW.h/y] (scenario 33) and 2.6x105 [kW.h/y] (scenario 35). It 

shows an increase in heat demand (heat load 3 vs heat load 1) leads to more dependency on CHP 

on the existing boiler. This impact of heat loads on results needs a detailed investigation of fuel 

consumption and CO2 emission. 

3.1.3 CHP specifications and system sizing 

The hot water temperature for heat recovery was assumed to be 55-60 [C]. The fuel of the CHP 

system was considered to be natural gas with a typical composition provided in tables 2.1-2.4. 

DC/AC inverter efficiency was assumed to be 95%, and fuel cell parasite was assumed 5%. The 

CHP gross power generation, needs to be designed to supply the system electrical equipment 

(compressor, pump, condensers, etc.) and to pass the inventor and FC parasite. The system provides 

110 [V] for net output power of 100[kWe]. The LTPEMFC is assumed to be equipped with 

Nafion® membrane on an expanded polytetrafluoroethylene (ePTFE) support and the HTPEMFC 

with pyridine-based aromatic polyether membrane. (Al-Othman, 2021) Platinum-cobalt-

manganese (Pt/Co/Mn) catalyst is assumed to be used on the catalyst layer. (James, 2015)  
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Table 3.3 FC stack design characteristics (James, 2015) 

Stack Power density voltage Catalyst loading Reaction conversion rate 

 [mW/cm2] [V/cell] [mgPt/cm2] % 

LT PEMFC 408 0.676 0.4 77 

HTPEMFC 240 0.6 1 83 

The generated gross power of the stack can be calculated as follows: 

 P = 𝜉𝐻2
𝑧𝐹𝑉 (20) 

Where: 

𝑃: Power [𝑘𝑊] 

𝜉𝐻2
: Molar flow of used H2 [𝑘𝑚𝑜𝑙 𝐻2 ℎ⁄ ] 

𝑧: Number of released electrons by H2 [𝑚𝑜𝑙 𝑒 𝑚𝑜𝑙 𝐻2]⁄  

𝐹: Faraday constant [96485 𝑐 𝑚𝑜𝑙 𝑒]⁄  

𝑉: Voltage of cell [𝑣] 

 

The required membrane surface area is estimated as follows: 

 𝑆 = 𝑃
𝜑⁄  (21) 

Where: 

𝑆: Membrane surface area [𝑐𝑚2] 

𝑃: Power [𝑊] 

𝜑: Power density [𝑊 𝑐𝑚2⁄ ] 

 

The catalyst load of membrane is estimated as follows: 
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 𝑚𝑐𝑎𝑡 = 𝑆
𝑀𝑐𝑎𝑡⁄   

𝑚𝑐𝑎𝑡: Membrane catalyst load [𝑔] 

𝑆: Membrane surface area [𝑐𝑚2] 

𝑀𝑐𝑎𝑡: Membrane specific catalyst load [𝑔 𝑐𝑚2⁄ ] 

Table 3.4 Size estimation for catalyst load in different process configurations at each S/F ratio 

Process 

configuration 

S/F 

ratio 

Generated 

gross power 

LTPEMFC 

Generated 

gross power 

HTPEMFC 

Stack area 

LTPEMFC 

Stack area 

HTPEMFC 

Catalyst 

load 

LTPEMFC 

Catalyst 

load 

HTPEMFC 

  [kW] [kW] [m2] [m2] [g] [g] 

1 2 124.8 0.0 30.6 0.0 122.3 0.0 

2 2 0.0 117.5 0.0 48.9 0.0 489.4 

3 2 132.3 0.0 32.4 0.0 129.7 0.0 

4 2 100.7 32.9 24.7 13.7 98.8 137.0 

1 3 121.9 0.0 29.9 0.0 119.5 0.0 

2 3 0.0 117.7 0.0 49.1 0.0 490.6 

3 3 132.1 0.0 32.4 0.0 129.5 0.0 

4 3 100.5 32.8 24.6 13.7 98.5 136.6 

1 4 120.2 0.0 29.5 0.0 117.8 0.0 

2 4 0.0 118.1 0.0 49.2 0.0 492.2 

3 4 132.2 0.0 32.4 0.0 129.6 0.0 

4 4 101.0 33.0 24.8 13.7 99.0 137.4 
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The PSA unit characteristics in the configuration 3 and 4 are as follows (Xiao J. M., 2021): 

Table 3.5 PSA unit characteristics and assumptions 

Adsorbent density Inert space of bed Number of stages Bed loading fraction 

[kg/m3]    

786 20% 10 85% 

Through mass balance of the adsorbed components and change in the bed loading, the required 

adsorbent could be calculated as follows (Towler, 2021): 

 (𝐹1𝑦1 − 𝐹2𝑦2)𝑀𝑤𝑡𝑎 = (𝑚1 − 𝑚2) 𝑓𝑙𝑀𝑎𝑡 (22) 

Where: 

𝑀𝑎: Mass of adsorbent at adsorber bed [𝑔] 

𝑡𝑎: Adsorption stage cycle time [𝑠] 

𝐹1: Molar flow rate of feed stream entering to adsorber bed [𝑚𝑜𝑙 𝑠⁄ ] 

𝐹2: Molar flow rate of feed stream outgoing from adsorber bed [𝑚𝑜𝑙 𝑠⁄ ] 

𝑦1: Mole fraction of component k at stream entering to adsorber bed  

𝑦2: Mole fraction of component k at stream outgoing from adsorber bed 

𝑀𝑤: Molecular weight adsorbed component [𝑔/𝑚𝑜𝑙] 

𝑚1: Maximum adsorbent loading [𝑔/𝑔𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡] 

𝑚2: Minimum adsorbent loading [𝑔/𝑔𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡] 

𝑓𝐿: Fully loading fraction of bed at adsorption stage cycle 

 

The study estimated the equation (39) for a mixture of components of k: 

 
𝑀𝑎𝑡 =

𝑡𝑎

𝑓𝑙
∑

(𝐹1𝑘𝑦1𝑘 − 𝐹2𝑘𝑦2𝑘)𝑀𝑤𝑘

(𝑚1𝑘 − 𝑚2𝑘)

𝑛

𝑖
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Where: 

𝑀𝑎𝑡: Total mass of adsorbent at adsorber bed [𝑔] 

 

 

With assumption of the design characters shown in table 3.5 the size of the adsorber vessels 

could be estimated as: 

 𝑉𝑎 =
𝑀𝑎

𝜌𝑎
⁄  (23) 

Where: 

𝑉𝑎: Volume of adsorbent bed [𝑚3] 

𝜌𝑎: Specific mass of adsorbent [𝑘𝑔/𝑚3] 

 

Assuming 20% inert space, the volume of the vessel would be as follows: 

 𝑉𝑎𝑣 =
𝑉𝑎

0.8⁄  (24) 

Giving the vessel’s length to diameter ratio of 10, the diameter and length of the vessel is 

calculated as: 

 
𝐷𝑖 = (

4𝑉𝑎𝑣

10𝜋
)

1
3⁄  

(25) 

Where: 

𝐷𝑖: Internal diameter of vessel [𝑚3] 

 

An introductory estimation for shell weight of cylindrical vessel without internal fittings, with 

domed end, and with uniformed wall thickness would be as follows (Towler, 2021): 
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 𝑊𝑣 = 𝐶𝑤𝜋𝜌𝑚𝐷𝑚𝑔(𝐻𝑣 + 0.8𝐷𝑚)𝑡10−3 (26) 

Where: 

𝑊𝑣: Total shell weight of vessel 

𝐶𝑤: Factor to add nozzles, internal supports, etc. For the vessels with a few fittings and simple 

design could be assumed for 1.08. 

𝜌𝑚: Density of vessel material. The study assumed carbon steel with density of 7850 [𝑘𝑔/𝑚3]. 

𝑡: Wall thickness. Minimum practical thickness for pressure vessels with diameter lower than 1 

[𝑚] could be assumed 5 [𝑚𝑚]. 

𝑔: Specific gravity, 9.81 𝑚/𝑠2 

𝐷𝑚: Diameter mean of vessel, which: [𝑚] 

 𝐷𝑚 = (𝐷𝑖 +t) (27) 

The PSA vessel size for the configuration 3 (the model of SMR-WGS-PSA-LTPEMFC) and the 

offered configuration (process model 4), for S/F ratios of 2, 3, and 4 are shown in table 3.6. 

Table 3.6 Estimated PSA vessel size for process the configuration 3 and the suggested 

configuration at different S/F ratios 

Process 

configuration 

S/F 

ratio 

Absorbent 

mass 

Absorbent 

bed 

volume 

Vessel 

volume 

Vessel 

diameter 

Vessel 

length 

Shell weight 

per 

absorber 

Total weight 

of vessel 

  [kg] [m3] [m3] [m] [m] [kg] [kg] 

3 2 41.6 0.5 0.7 0.2 2.1 602.9 644.5 

4 2 31.5 0.4 0.5 0.2 1.9 501.8 533.3 

3 3 32.5 0.4 0.5 0.2 1.9 512.0 544.5 

4 3 24.7 0.3 0.4 0.2 1.7 427.7 452.4 

3 4 29.1 0.4 0.5 0.2 1.8 475.9 505.0 

4 4 21.9 0.3 0.3 0.2 1.7 394.9 416.8 
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Table 3.6 shows that, increasing the S/F ratio decrease absorbent mass, bed volume, shell weight, 

and total weight of the vessel. The reason is a lower CO content at a higher S/F ratio.  

The fuel processing unit includes reforming reaction, shift reaction, and POX reaction (only in the 

reference configuration of SMR-WGS-PROX-LTPEMFC). Because of the low gas hourly space 

velocity (GHSV) of the reforming catalysts, the volume of the reactor is governed mostly by the 

reforming reaction. The required weight of the catalyst can be estimated as follows: (Wei M. L., 

2014) 

 
𝑚𝑐𝑎𝑡 =

𝑉̇𝐶𝐻4

𝐺𝐻𝑆𝑉
 

(28) 

Where: 

𝑚𝑐𝑎𝑡: Catalyst load [𝑔𝑐𝑎𝑡] 

𝑉̇𝐶𝐻4
: Volumetric flow rate of CH4 [𝑚3 ℎ⁄ ] 

𝐺𝐻𝑆𝑉: Gas hourly space velocity [
𝑚3

ℎ 𝑔𝑐𝑎𝑡
] 

 

 𝑉𝑐𝑎𝑡 =
𝑚𝑐𝑎𝑡

𝜌𝑐𝑎𝑡
 

(29) 

Where: 

𝑉𝑐𝑎𝑡: Volume of the catalysts (bed) [𝑐𝑚3] 

𝑚𝑐𝑎𝑡: Weight of the catalyst [𝑔] 

𝜌𝑐𝑎𝑡: Specific weight of catalyst (bed) [𝑔 𝑐𝑚3⁄ ] 
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With assumption of the GHSV of 0.002[
𝑚3

ℎ 𝑔𝑐𝑎𝑡
] for catalyst of Ni 20 weight %, CaO-Al2O3 80 

weight %, and packing density of 0.718 [g/cm3]. (Park, Han, & Jun, 2019) 

Table 3.7 shows catalyst weight and bed volume for all process configurations and S/F ratios as 

follows: 

Table 3.7 Estimated bed volume size of reformer reactor for process models at each S/F ratios 

Process model S/F ratio 
𝐂𝐇𝟒 molar flow 

rate 
𝐂𝐇𝟒 volume flow rate Catalyst weight Bed volume 

  [kgmole/h] [m3/h] [kg] [L] 

1 2 1.5 36.2 18.09 25.2 

2 2 1.3 31.8 15.90 22.2 

3 2 1.7 39.0 19.51 27.2 

4 2 1.3 29.6 14.78 20.6 

1 3 1.3 30.5 15.25 21.2 

2 3 1.2 28.9 14.43 20.1 

3 3 1.5 34.8 17.38 24.2 

4 3 1.1 26.5 13.24 18.4 

1 4 1.2 27.7 13.84 19.3 

2 4 1.2 27.4 13.72 19.1 

3 4 1.4 33.3 16.67 23.2 

4 4 1.1 25.2 12.59 17.5 

 

As can be seen in the table 3.7 the increase in S/F ratio in all cases leads to a lower CH4 flow rate. 

It results in a lower need for catalysts. The reference configuration of SMR-WGS-PROX-

LTPEMFC in all cases needs the highest catalyst loading among the processes due to the highest 

process fuel usage. The processed fuel in the configuration 3 is less likely to change with the S/F 

ratio. The process 4 at the S/F ratio of 4 shows the lowest process fuel consumption and the lowest 

catalyst load.  
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3.1.4 Fuel consumption and CO2 emission 

CO2 emission of the fuel processing system is directly related to the amount of the process fuel 

consumption (reactions 47). It means the system for a particular power generation with a higher 

electrical efficiency emits lower CO2. Since the fuel of the fired heater is the recycled process off-

gas, the fired heater has an impact on the overall CO2 emission. Therefore, the lower process fuel 

consumption may cause a need for a side NG stream for the heater. On the other hand, the S/F ratio 

has an impact on fuel consumption and CO2 emission in the CHP system. Moreover, because the 

heat profile of the building may need a boiler integration the overall fuel consumption and total 

CO2 emission may alter. Thus, to investigate the overall fuel consumption and total CO2 emission 

of the system we need to consider electrical efficiency, the impact of S/F ratio, and heat demand 

of the system.  

 𝐶𝐻4 + 𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂 (30) 

 

Considering the stoichiometric ratio of 𝐶𝑂2 to 𝐶𝐻4 is 1, and molar weight of 𝐶𝑂2 44 

[𝑘𝑔 𝑘𝑔𝑚𝑜𝑙⁄ ], the 𝐶𝑂2 emission of a boiler is calculated based on the fuel consumption as follows: 

 𝑚̇𝐶𝑂2
= 44 𝑀̇𝐶𝐻4

  

Where: 

𝑚̇𝐶𝑂2
: Mass flow of CO2 emission by boiler [𝑘𝑔 ℎ⁄ ] 

𝑀̇𝐶𝐻4
: Molar flow of the 𝐶𝐻4 [𝑘𝑔𝑚𝑜𝑙𝑒 ℎ⁄ ] 

With assumption that 𝐶𝐻4 releases heat of 8.352 × 105 [𝑘𝐽 𝑘𝑔𝑚𝑜𝑙𝑒⁄ ]1, the required molar flow 

of the 𝐶𝐻4 is calculable as follows: 

                                                 

1 Here instead of HHV of CH4, HHV of NG was assumed to reach a more realistic result in the calculation.  
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𝑀̇𝐶𝐻4

=
𝐵𝑜𝑖𝑙𝑒𝑟 ℎ𝑒𝑎𝑡 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

835200 𝜂𝑏𝑜𝑖𝑙𝑒𝑟
 

(31) 

Where: 

𝜂𝑏𝑜𝑖𝑙𝑒𝑟: Efficiency of boiler (assumed to be 0.85) 

The data regarding fuel consumption of scenarios were reported in the table 3.8. Fuel consumption 

of the existing boiler, depends on the heat shortage of building.1  

Table 3.8 Fuel consumption of the configurations in different S/F ratio 

Scenario 
Process 

model 

S/F 

ratio 

Heat 

load 

CHP 

energy 

efficiency 

Processor 

fuel 

consumption 

Fired heater 

fuel 

consumption 

CHP fuel 

consumption 

Boiler fuel 

consumption 

Overall fuel 

consumption 

     x104 [m3/y] x104 [m3/y] x104 [m3/y] x104 [m3/y] x104 [m3/y] 

1 1 2 1 24% 31.67 3.17 34.84 0.92 35.76 

2 2 2 1 30% 27.84 0.00 27.84 0.81 28.65 

3 3 2 1 24% 34.15 0.00 34.15 0.50 34.65 

4 4 2 1 26% 25.87 6.34 32.21 0.53 32.74 

5 1 3 1 25% 26.70 6.68 33.38 1.01 34.39 

6 2 3 1 28% 25.25 3.79 29.04 0.75 29.79 

7 3 3 1 25% 30.43 3.04 33.47 0.53 34.00 

8 4 3 1 27% 23.18 7.65 30.83 0.54 31.37 

9 1 4 1 28% 24.22 6.30 29.06 1.23 30.29 

10 2 4 1 26% 24.01 7.20 31.22 0.71 31.92 

11 3 4 1 26% 29.19 2.92 32.11 0.50 32.60 

12 4 4 1 27% 22.05 8.82 30.86 0.51 31.38 

13 1 2 2 24% 31.67 3.17 34.84 0.00 34.84 

14 2 2 2 30% 27.84 0.00 27.84 0.00 27.84 

                                                 

1 For more information about heat shortage of CHP design, fuel consumption, and CO2 emission due to existing boiler 

participation see to Appendix B. 
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15 3 2 2 24% 34.15 0.00 34.15 0.00 34.15 

16 4 2 2 26% 25.87 6.34 32.21 0.00 32.21 

17 1 3 2 25% 26.70 6.68 33.38 0.00 33.38 

18 2 3 2 28% 25.25 3.79 29.04 0.00 29.04 

19 3 3 2 25% 30.43 3.04 33.47 0.00 33.47 

20 4 3 2 27% 23.18 7.65 30.83 0.00 30.83 

21 1 4 2 28% 24.22 6.30 29.06 0.00 29.06 

22 2 4 2 26% 24.01 7.20 31.22 0.00 31.22 

23 3 4 2 26% 29.19 2.92 32.11 0.00 32.11 

24 4 4 2 27% 22.05 8.82 30.86 0.00 30.86 

25 1 2 3 24% 31.67 3.17 34.84 4.01 38.85 

26 2 2 3 30% 27.84 0.00 27.84 3.83 31.67 

27 3 2 3 24% 34.15 0.00 34.15 3.27 37.43 

28 4 2 3 26% 25.87 6.34 32.21 3.35 35.56 

29 1 3 3 25% 26.70 6.68 33.38 4.17 37.54 

30 2 3 3 28% 25.25 3.79 29.04 3.72 32.76 

31 3 3 3 25% 30.43 3.04 33.47 3.36 36.83 

32 4 3 3 27% 23.18 7.65 30.83 3.37 34.21 

33 1 4 3 28% 24.22 6.30 29.06 4.47 33.53 

34 2 4 3 26% 24.01 7.20 31.22 3.66 34.87 

35 3 4 3 26% 29.19 2.92 32.11 3.27 35.38 

36 4 4 3 27% 22.05 8.82 30.86 3.31 34.17 

As can be seen in the table 3.8, the configurations 1 and 3 are the least efficient systems (24%) at 

S/F ratio of 2, while the most energy efficient CHP system is the reference configuration of SMR-

WGS-HTPEMFC at S/F ratio of 2 with the efficiency of 30%. The fired heater of the reference 

configuration of SMR-WGS-HTPEMFC and the model 3 do not need a parallel feed at S/F ratio 

of 2, and at S/F of 4 the configuration 3 (the model of SMR-WGS-PSA-LTPEMFC) burns only 

2.92x104 [𝑚3 𝑦⁄ ].  
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On the other hand, the offered process (model 4) is highly needed for the parallel feed stream for 

the burner which at S/F ratio of 4 uses the highest amount of 8.82x104 [𝑚3 𝑦⁄ ]. However, this high 

dependency does not increase the overall fuel consumption of the CHP system of the model as 

much as the reference configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio of 2 with the 

maximum total amount of 34.8x105 [𝑚3 𝑦]⁄ . The CHP system shows the lowest fuel consumption 

around 27.8x104 [𝑚3 𝑦⁄ ]. The fuel consumption of the CHP at heat loads of 1, 2, and 3 are 0.8x104 

[𝑚3 𝑦⁄ ], 0, and 3.8x104 [𝑚3 𝑦⁄ ] for the scenarios 2, 14, and 26 respectively. The overall fuel 

consumption for the scenarios are 28.6x104 [𝑚3 𝑦⁄ ] (scenario 2), 27.8x104 [𝑚3 𝑦⁄ ] (scenario 14 

the lowest amount), and 31.7x104 [𝑚3 𝑦⁄ ] (scenario 26).  

The data for the reference model 1 at S/F ratio of 1, for heat loads of 1, 2, and 3 are 0.9x104 [𝑚3 𝑦⁄ ], 

0, and 4x104 [𝑚3 𝑦⁄ ] leading to overall fuel consumption of 35.7 x104 [𝑚3 𝑦⁄ ] (scenario 1), 

34.8x104 [𝑚3 𝑦⁄ ](scenario 13), and 38.8 x104 [𝑚3 𝑦⁄ ] (scenario 25) the most fuel consumer 

scenario. 

The above comparison shows the big difference of the minimum fuel consumption in scenario 14 

vs the maximum amount of scenario 25. This big difference (about 11x104 [𝑚3 𝑦⁄ ]) would have a 

remarkable impact on the environment and economy of the project. Table 3.9 shows information 

regarding the fuel consumption of the scenarios. 

In the existing case, the existing boiler is the only heat supplier of the building. With the assumption 

of the electrical efficiency of the centralized power plant is 40% and power grid loss of 5% part of 

fuel consumed by a centralized NG power plant for each heat load is calculable. The overall fuel 

consumption of the building demanding 587643 [kW.h/y] electric energy and the heat loads could 

be as follows:  
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Table 3.9 Fuel consumption for existing case in different heat loads 

Heat 

load 

Heat energy 

demand of building 

Existing boiler fuel 

consumption 

Electrical energy demand 

of building 

Power plant fuel 

consumption 

Overall fuel 

consumption 

 [kW.h/y] x104[m3/y] [kW.h/y] x104[m3/y] x104[m3/y] 

1 1443468 14.71 587643 23.5 38.2 

2 1010428 10.30 587643 23.5 33.8 

3 1876509 19.13 587643 23.5 42.6 

 

Table 3.9 shows that at a higher heat load fuel consumption by the boiler is more recognizable. It 

was shown that at the heat load 3 overall fuel consumption is the highest (42.6x104[m3/y]) that is 

clearly more than what was reported in all CHP scenarios. 

Table 3.10 CO2 emission of scenarios 

Scenario 
Process 

configuration 
S/F ratio 

Heat 

load 

CHP 

energy 

efficiency 

Processor 

CO2 

emission 

Fired 

heater CO2 

emission 

CHP CO2 

emission 

Boiler CO2 

emission 

Overall 

CO2 

emission 

      [ton/y]  [ton/y]  [ton/y]  [ton/y]  [ton/y] 

1 1 2 1 24% 534.6 137.6 672.2 17.1 689.3 

2 2 2 1 30% 301.3 236.0 537.3 15.1 552.4 

3 3 2 1 24% 369.7 289.5 659.2 9.3 668.5 

4 4 2 1 26% 280.0 341.4 621.4 9.8 631.2 

5 1 3 1 25% 482.1 161.9 644.0 18.9 662.9 

6 2 3 1 28% 357.8 202.4 560.2 13.9 574.1 

7 3 3 1 25% 431.1 214.6 645.7 9.9 655.6 

8 4 3 1 27% 329.3 265.7 595.0 10.0 605.0 

9 1 4 1 28% 452.0 136.7 588.7 22.9 611.6 

10 2 4 1 26% 381.0 221.2 602.2 13.2 615.4 

11 3 4 1 26% 460.1 159.0 619.1 9.2 628.3 

12 4 4 1 27% 350.3 245.3 595.6 9.5 605.1 
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13 1 2 2 24% 534.6 137.6 672.2 0.0 672.2 

14 2 2 2 30% 301.3 236.0 537.3 0.0 537.3 

15 3 2 2 24% 369.7 289.5 659.2 0.0 659.2 

16 4 2 2 26% 280.0 341.4 621.4 0.0 621.4 

17 1 3 2 25% 482.1 161.9 644.0 0.0 644.0 

18 2 3 2 28% 357.8 202.4 560.2 0.0 560.2 

19 3 3 2 25% 431.1 214.6 645.7 0.0 645.7 

20 4 3 2 27% 329.3 265.7 595.0 0.0 595.0 

21 1 4 2 28% 452.0 136.7 588.7 0.0 588.7 

22 2 4 2 26% 381.0 221.2 602.2 0.0 602.2 

23 3 4 2 26% 460.1 159.0 619.1 0.0 619.1 

24 4 4 2 27% 350.3 245.3 595.6 0.0 595.6 

25 1 2 3 24% 534.6 137.6 672.2 74.6 746.8 

26 2 2 3 30% 301.3 236.0 537.3 71.3 608.6 

27 3 2 3 24% 369.7 289.5 659.2 60.9 720.2 

28 4 2 3 26% 280.0 341.4 621.4 62.4 683.8 

29 1 3 3 25% 482.1 161.9 644.0 77.6 721.6 

30 2 3 3 28% 357.8 202.4 560.2 69.3 629.5 

31 3 3 3 25% 431.1 214.6 645.7 62.6 708.2 

32 4 3 3 27% 329.3 265.7 595.0 62.8 657.8 

33 1 4 3 28% 452.0 136.7 588.7 83.2 671.9 

34 2 4 3 26% 381.0 221.2 602.2 68.1 670.2 

35 3 4 3 26% 460.1 159.0 619.1 60.9 680.0 

36 4 4 3 27% 350.3 245.3 595.6 61.6 657.2 

The reference configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio of 2 (scenario 1) is the 

least efficient system, the scenario’s fuel processing produces the highest amount of CO2 emission 

(about 535 [ton/y]). The scenario 4 fuel processor of the proposed model (the configuration 4) at 

S/F ratio of 2 releases the lowest amount of CO2 (about 280 [ton/y]). It is lower than the most 

efficient CHP’s fuel processor CO2 emission (scenario 2) which is 301 [ton/y]. But a more CO2 
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emission in the fired heater which is the maximum amount (341 [ton/y]) increases the overall CO2 

emission of the scenario to 621 [ton/y]. On the other hand, the scenario 2 with a lower fired heater 

emission shows the most optimum CHP design with the lowest amount of 537 [ton/y] emission. 

The heat load 2 has no impact on the overall CO2 emission of the CHP system. The heat load 1 

increases it slightly, but heat load 3 shows dramatic growth in the overall amount. The maximum 

and minimum are observed in scenarios 25 and 26 with about 747 [ton/y] and 609 [ton/y] emissions 

respectively. The difference between the Max. and the Min. emission is about 140 [ton/y], which 

is very identifying for the optimum design. 

The higher fuel consumption at a particular efficiency leads to a higher CO2 emission. This is not 

exceptional for the boiler in the existing case at each heat load. The overall CO2 emission resulting 

from the building’s boiler and the centralized power plant was reported in table 3.11. 

Table 3.11 Overall CO2 emission for existing case in different heat loads 

Heat 

load 

Heat energy 

demand of building 

Existing boiler fuel 

consumption 

Existing 

boiler CO2 

emission 

Electrical energy 

demand of building 

Power plant 

CO2 emission 

Overall CO2 

emission 

 [kW.h/y] [m3/y] [t/y] [kW.h/y] [t/y] [t/y] 

1 1443468 179903 335 587643 437 772 

2 1010428 125932 234 587643 437 672 

3 1876509 233874 435 587643 437 873 

 

The table 3.11 shows that the part of CO2 emission of a centralized power plant with an efficiency 

of 40% and grid power loss of 5% to support the yearly electrical energy of the building (587643 

[kW.h]) is 437 [t/y]). This system at the heat load 3 results in the maximum amount of 873 [t/y] of 

CO2 emission. Table 3.12 compare the maximum and minimum fuel consumption and CO2 

emission scenarios at each heat load with the existing cases as follows:  
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Table 3.12 A comparison among existing case and maximum and minimum NG fuel 

consumption and CO2 emission of scenarios 

Scenario 
Process 

configuration 

S/F 

ratio 
Heat load 

Electrical 

efficiency 
NG fuel consumption 

Overall CO2 

emission 

     x104[m3/y] [t/y] 

1 1 2 1 24% 35.8 689.3 

2 2 2 1 30% 28.7 552.4 

Existing case N/A N/A 1 40% 38.2 772.2 

13 1 2 2 24% 34.8 672.2 

14 2 2 2 30% 27.8 537.3 

Existing case N/A N/A 2 40% 33.8 671.7 

25 1 2 3 24% 38.9 746.8 

26 2 2 3 30% 31.7 608.6 

Existing case N/A N/A 3 40% 42.6 872.7 

 

As can be seen in the table 3.12 the efficiency of centralized (40%) is more than for each CHP 

system. However, the overall fuel consumption of existing cases are still higher than most scenarios 

of CHP design. In all three heat loads, the existing cases are almost equal (only heat load 2) or 

higher than the maximums.  
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3.2 Cost estimation 

This study investigated capital cost estimation based on class IV AACE International Cost 

Estimate.  

Table 3.13 Class and calculation assumptions of cost estimation 

Class of estimation IV 

Project definition level 1% to 15% 

Purpose of estimate Feasibility study 

Methodology of cost estimation Primarily stochastic 

Expected accuracy range (Relative to best index of 1) 3 to 12 

Preparation effort (Relative to lowest cost index of 1) 2 to 4 

 

3.2.1 Capital expenditure estimation 

This study used the capital cost of equipment (including the final cost of equipment assembly, setup 

cost, and sales margin) reported in the literature for a base model for 100[kWe] designs for the 

manufacturing rate of 1000 systems per year. (James, 2015) The base models in this study are 

LTPEMFC and HTPEMFC CHP systems with the reference configurations at S/F ratio of 3 entitled 

scenarios 5 and scenario 6 respectively. The capital cost estimation for the other 10 scenarios (from 

all 12 scenarios) was generated based on the two base cost models for the main parts. Main 

components include stack, PSA unit (the model 3 and the proposed process), rotary components 

(including compressors, condensers, airflow controls, etc.), and reforming reactor. With 

interpolation/extrapolation of the cost of the main components of CHP systems in accordance with 

the variation of the sized equipment, the additional capital cost for each scenario would be 

generalizable.   
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𝐶𝑖 = 𝐶𝑟(

𝑆𝑖

𝑆𝑟
)𝑛 

(32) 

Where: 

𝐶𝑖: Capital cost of item 𝑖 

𝐶𝑟: Capital cost of the reference item 

𝑆𝑖: Size of item 𝑖 

𝑆𝑟: Size of the reference item 

𝑛: Equation exponent (here it is assumed to be 1) 

 

The first 12 scenarios are the all required cost estimation cases for the study. Using the size of the 

item (component) for each scenario, the capital cost estimation would be possible based on the size 

and the capital cost of the item (component) in the reference scenario. In this way, a summation of 

the additional capital cost for the main components provides an estimation for each scenario’s total 

capital cost compared with the reference model. 

Scenario 5 is the reference model for scenarios 1, 3, 7, 9, and 11. In the same way, scenarios 2 and 

10 follow scenario 6. Scenarios 4, 8, and 12 (the offered configuration at S/F ratios of 2, 3, and 4 

respectively) are combined models of LTPEMFC and HTPEMFC. Since the sizing is based on 

gross generated power of the configurations LTPEMFC (about 75%) and models HTPEMFC 

(about 25%), the reference capital cost of the stack would be 3⁄4 scenario 5, and 1⁄4 scenario 6.   
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𝐶𝑖 = 3

4⁄ (𝐶𝑟1(
𝑆𝑖

𝑆𝑟1
)) + 1

4⁄ (𝐶𝑟2(
𝑆𝑖

𝑆𝑟2
)) 

(33) 

Where: 

𝐶𝑖: Capital cost of item 𝑖 

𝑆𝑖: Size of item 𝑖 

𝐶𝑟1: Capital cost of the reference item 1 (at scenario 5) 

𝑆𝑟1: Size of the reference item 1 (at scenario 5) 

𝐶𝑟2: Capital cost of the reference item 2 (at scenario 6) 

𝑆𝑟2: Size of the reference item (at scenario 6) 

 

 ∆𝐶𝑖 = 𝐶𝑖 − 𝐶𝑟 (34) 

Where: 

∆𝐶𝑖: Additional capital cost of item 𝑖 

𝐶𝑖: Capital cost of item 𝑖 

𝐶𝑟: Capital cost of the reference item 

 ∆𝐶𝑖 = 3
4⁄ (𝐶𝑖 − 𝐶𝑟1) + 1

4⁄ (𝐶𝑖 − 𝐶𝑟2) (35) 

Where for the proposed configuration: 

∆𝐶𝑖: Additional capital cost of item 𝑖 

𝐶𝑖: Capital cost of item 𝑖 

𝐶𝑟1: Capital cost of the reference item 1 (at scenario 5) 

𝐶𝑟2: Capital cost of the reference item 2 (at scenario 6) 
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𝐶𝑡 = ∑ ∆𝐶𝑖

𝑛

𝑖=1

+ 𝐶𝑟𝑡 
(36) 

Where: 

𝐶𝑡: Total capital cost of a scenario 

∑ ∆𝐶𝑖
𝑛
𝑖=1 : summation of the additional capital costs of n item (components) for the scenario 

𝐶𝑟𝑡: Total capital cost of the reference scenario 

 

 

 
𝐶𝑡 = 3 4⁄ (∑ ∆𝐶𝑖

𝑛

𝑖=1

+ 𝐶𝑟1𝑡) + 1 4⁄ (∑ ∆𝐶𝑖

𝑛

𝑖=1

+ 𝐶𝑟2𝑡) 
(37) 

Where for the proposed configuration: 

𝐶𝑡: Total capital cost of a scenario 

∑ ∆𝐶𝑖
𝑛
𝑖=1 : summation of the additional capital costs of n item (components) for the scenario 

𝐶𝑟1𝑡: Total capital cost of the reference 1 (scenario 5) 

𝐶𝑟2𝑡: Total capital cost of the reference 2 (scenario 6) 

 

The reference capital cost for membrane are scenario 5 (for LTPEMFC) and scenario 6 (for 

HTPEMFC). Using the described correlations the capital cost of membrane for the remaining 

scenarios are calculable. Table 3.14 shows the capital cost of all scenarios based on the sized info 

of equipment as follows:  
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Table 3.14 Estimated capital cost of membrane for different scenarios  

Scenario 
Process 

model 
S/F ratio 

Stack area 

LTPEMFC 

Stack area 

HTPEMFC 

Membrane 

cost 

Membrane 

cost 

Capital cost of 

membrane  

   [m2] [m2] [$] [$] [$] 

1 1 2 30.6 0.0 10106 0 10106 

2 2 2 0.0 48.9 0 12519 12519 

3 3 2 32.4 0.0 10717 0 10717 

4 4 2 24.7 13.7 8159 3505 11664 

5 1 3 29.9 0.0 9874 0 9874 

6 2 3 0.0 49.1 0 12550 12550 

7 3 3 32.4 0.0 10698 0 10698 

8 4 3 24.6 13.7 8137 3495 11632 

9 1 4 29.5 0.0 9755 0 9755 

10 2 4 0.0 49.2 0 12591 12591 

11 3 4 32.4 0.0 10708 0 10708 

12 4 4 24.8 13.7 8183 3515 11698 

 

The scenario 5 needs around 30 [𝑚2] Nafion® membrane on an expanded polytetrafluoroethylene 

(ePTFE) support, with a total capital cost of about $9874. The scenario 6 needs about 49 [𝑚2] 

pyridine-based aromatic polyether membrane with a total capital cost of $12550. It shows a visible 

difference between membrane capital cost of HTPEMFC and LTPEMFC (scenario 5 vs scenario 

6). A slightly rise in the size of membrane for S/F ratio of 4, led to a small increase in the membrane 

capital cost of the reference configuration of SMR-WGS-HTPEMFC which is the maximum 

(scenario 10). The minimum capital cost of the membrane is observed at S/F ratio of 4 of the 

reference configuration of SMR-WGS-PROX-LTPEMFC (scenario 9).  

Another affecting component in the capital cost of membrane is catalyst load. Table 3.14 shows 

the catalyst load of scenarios. The reference scenarios’ capital cost for catalyst loading was 

assumed to be $5526.3 (scenario 5) and $22226.7 (for scenario 6).  
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Table 3.15 Estimated capital cost of catalysts for MEA of FC for different scenarios 

Scenario 
Process 

configuration 

S/F 

ratio 

Catalyst load 

LTPEMFC 

Catalyst load 

HTPEMFC 

Catalyst cost 

LTPEMFC 

Catalyst cost 

HTPEMFC 

Capital cost of 

catalyst load 

   [g] [g] [$] [$] [$] 

1 1 2 122.3 0.0 5656 0 5656 

2 2 2 0.0 489.4 0 22172 22172 

3 3 2 129.7 0.0 5998 0 5998 

4 4 2 98.8 137.0 4567 6207 10774 

5 1 3 119.5 0.0 5526 0 5526 

6 2 3 0.0 490.6 0 22227 22227 

7 3 3 129.5 0.0 5987 0 5987 

8 4 3 98.5 136.6 4554 6190 10744 

9 1 4 118.1 0.0 5459 0 5459 

10 2 4 0.0 492.2 0 22300 22300 

11 3 4 129.6 0.0 5993 0 5993 

12 4 4 99.0 137.4 4580 6225 10805 

As can be seen in table 3.15 there is a huge difference in membrane catalyst load of HTPEMFC 

and LTPEMFC. The required platinum-cobalt-manganese (Pt/Co/Mn) catalyst weight for 

HTPEMFC in scenario 6 is more than 490 [g] while for the LTPEMFC in scenario 5 is just lower 

than 120 [g]. Considering a few increases in catalyst load at a higher S/F ratio, the maximum and 

minimum capital cost of membrane catalyst load are about 22230 [$] and around 5460 [$] for 

scenarios 10 and 9 respectively. The table 4.4 shows the total capital cost of all scenarios and the 

additional capital cost of scenarios from the reference models.   
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Table 3.16 Estimated additional capital cost of stack for different scenarios 

Scenario 
Process 

configuration 

S/F 

ratio 

Capital cost of 

membrane 

Capital cost of 

catalyst load 

Total capital 

cost of stack 

Additional capital cost 

of stack  

   [$] [$] [$] [$] 

1 1 2 10106 5656 15762 361 

2 2 2 12519 22172 34691 -85 

3 3 2 10717 5998 16716 1315 

4 4 2 11664 10774 22438 2193 

5 1 3 9874 5526 15401 0 

6 2 3 12550 22227 34777 0 

7 3 3 10698 5987 16685 1285 

8 4 3 11632 10744 22376 2132 

9 1 4 9755 5459 15214 -187 

10 2 4 12591 22300 34891 114 

11 3 4 10708 5993 16701 1300 

12 4 4 11698 10805 22503 2258 

 

The table 3.16 describes how the total capital cost of the stack is made up of a summation of 

membrane and catalyst load capital costs. The difference between the stack capital cost of 

HTPEMFC and LTPEMFC is highly remarkable. The capital cost of the stack for HTPEMFC is 

more than twice that of LTPEMFC at each S/F ratio. As it is predictable the highest ($34890.9) 

and lowest ($15214.1) capital costs for the stack are for scenarios 10 and 9 respectively.  

Using correlations 34 and 35 additional capital cost of the stack was estimated for each scenario. 

This amount has a direct impact on the total capital cost of scenarios. The table 4.4 shows that 

scenario 9 decreases about $187 from the total capital cost of scenario 5 (correlation 36). It shows 

the lowest additional capital cost is added by the scenario 9, while the highest change in the capital 
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cost happens in the scenario 12. The scenario will experience a raise of about $2258 to the reference 

models (scenarios 5 and 6) using the correlation 36.  

The rotary equipment (including compressors, condensers, airflow controls, etc.) additional capital 

cost data for each scenario is measurable in this way. The data is reported in the table 3.17. Here 

the reference size and capital cost model is scenario 6. (James, 2015) 

Table 3.17 Estimated additional capital cost for rotary equipment of different scenarios 

Scenario 
Process 

config. 

S/F 

ratio 

Generated 

gross power 

Overall 

rotary power 

Additional power 

of rotary eq. 

Capital cost of 

rotary eq. 

Additional 

capital cost of 

rotary eq. 

   [kW] [kW] [kW] [$] [$] 

1 1 2 125 11.9 7.0 18321 10837 

2 2 2 117 4.6 -0.3 7038 -446 

3 3 2 132 19.4 14.6 29989 22505 

4 4 2 134 20.6 15.8 31852 24368 

5 1 3 122 9.0 -4.2 13908 6424 

6 2 3 118 4.8 0.0 7484 0 

7 3 3 132 19.2 14.3 29617 22133 

8 4 3 133 20.4 15.5 31457 23973 

9 1 4 120 7.5 2.7 11626 4142 

10 2 4 118 5.2 0.4 8082 598 

11 3 4 132 19.3 14.5 29812 22328 

12 4 4 133 20.4 15.6 31586 24102 

 

The highest capital cost of rotary equipment is observed in scenario 4 ($31852). This high capital 

cost leads to the maximum additional capital cost of rotary equipment ($24368). The scenario 4 

shows the highest generated gross power. More than 20 [kW] of the generated gross power is used 

by rotary equipment. The reference model 2 at S/F ratio of 2 uses lower gross power than the 
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reference model (scenario 6). The scenario 2 decreases $446 from the total capital cost of the 

system.  

The burner space and cylinder are assumed to be the same in all scenarios. The catalyst loading is 

the reason for capital cost variation across the scenarios. The catalyst loading weight and catalyst 

bed volume are dictated by the NG process feed flow. HTPEMFC does not need the PROX catalyst 

and receives less flow, which has a lower cost. Scenarios 3, and 4 are not equipped with PROX, so 

their capital cost could be rated as HTPEMFC. Therefore, scenario 6 is the reference model for 

configurations 2, 3, and 4. The result for the capital cost of the scenarios are presented in table 4.6 

as follows: 

Table 3.18 Estimated additional capital cost of reactor for different scenarios 

Scenario 
Process 

configuration 

S/F 

ratio 

Process feed volume 

flow rate 

Catalyst bed 

volume 

Reactor capital 

cost 

Reactor additional 

capital cost 

   [m3/h] [L] [$] [$] 

1 1 2 36.2 25.2 16644 2611 

2 2 2 31.8 22.2 13698 1273 

3 3 2 39.0 27.2 16804 4379 

4 4 2 29.6 20.6 12731 306 

5 1 3 30.5 21.2 14033 0 

6 2 3 28.9 20.1 12425 0 

7 3 3 34.8 24.2 14971 2546 

8 4 3 26.5 18.4 11407 -1018 

9 1 4 27.7 19.3 12728 -1305 

10 2 4 27.4 19.1 11814 -611 

11 3 4 33.3 23.2 14360 1935 

12 4 4 25.2 17.5 10846 -1579 

The lowest bed volume was observed in the offered configuration (the model of SMR-WGS-PSA-

LTPEMFC-HTPEMFC). This process at S/F ratio of 4 (scenario 12) shows the lowest reactor 

capital cost ($10846) and decreases a capital cost of $1579 from the total capital cost. This 
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minimum capital cost is comparable with the scenario 3, with the maximum reactor capital cost an 

amount of $16804. This high cost adds an extra cost of $4379 to this scenario’s total capital cost. 

The additional capital cost of configuration 3 and the suggested configuration depends on the PSA 

unit. The PSA unit sizing data for each scenario was discussed before. The reference capital cost 

based on the power generation system and rate of manufacturing are not available in the literature. 

For the designed size the market quote shows an additional cost of $6720 is expectable. 

(https://www.alibaba.com/, 2022) 

The total capital cost of scenarios are as follows: 

Table 3.19 The estimated total capital expenditure of different scenarios 

Scenario 
Process 

configuration 

S/F 

ratio 

Additional 

capital 

cost of 

stack  

Additional 

capital cost of 

rotary eq. 

Additional 

capital 

cost of 

Reactor 

Additional 

capital 

cost of 

PSA 

Total 

additional 

capital cost for 

the main eq. 

Total 

capital cost 

of CHP 

system 

   [$] [$] [$] [$] [$] [$] 

1 1 2 361 10837 2611 0 13809 267913 

2 2 2 -85 -446 1273 0 742 294228 

3 3 2 1315 22505 4379 6720 34920 289024 

4 4 2 2193 24368 306 6720 33587 287692 

5 1 3 0 6424 0 0 6424 254105 

6 2 3 0 0 0 0 0 293486 

7 3 3 1285 22133 2546 6720 32683 286788 

8 4 3 2132 23973 -1018 6720 31806 285911 

9 1 4 -187 4142 -1305 0 2650 256755 

10 2 4 114 598 -611 0 101 293587 

11 3 4 1300 22328 1935 6720 32283 286388 

12 4 4 2258 24102 -1579 6720 31502 285606 

The total additional capital cost of each scenario is made up of the additional capital cost of four 

main components of the stack, rotary equipment, reforming reactor, and PSA (only for the 

configuration 3 and the offered configuration). This extra cost is added to reference scenarios’ 

capital cost through correlation 36 and provides the total capital cost of scenarios. The reference 



67 

 

scenario for configurations 1, 3, and 4 is scenario 5. The additional capital cost of rotary equipment 

in the scenario 5 is included in the total capital cost of the reference scenario. It means, that the 

capital cost of the reference model consists product of the unit capital cost of the scenario (2031.76 

[$/kW]) by the gross power plus the additional capital cost of ($6424). The scenario 6 is the 

reference model for scenarios 2 and 10. The capital cost of the scenario is calculated by multiplying 

the unit capital cost of the scenario (2492.5[$/kW]) by the gross power (117.7 [kW]). (Man16, 

2016) The table shows that, the scenario 2 presents the highest capital cost ($294228). A clear 

difference is observed of this maximum capital cost with the lowest capital cost of $254105 

(scenario 5). 

3.2.2 Operating cost and product revenue 

To evaluate the total cost of the design, operating cost estimation is needed too. It includes fuel 

cost evaluation and carbon charge. In this regard, the fuel used by the CHP system including 

process fuel consumption to meet net power output and fired heater fuel burned to provide the 

reforming heat, and the fuel used by the boiler to support the heat demand of the building have to 

be investigated. The total fuel consumption is different for each scenario, and this individual fuel 

consumption leads to a specific CO2 emission. The study assumed natural gas fuel price is (in 

Quebec province) 0.13 [$/kW] (or 0.167 [CAD/m3]). With the carbon pollution pricing plan across 

Canada, the CO2 emission cost 50 [$/ton CO2] in 2022. (canada.ca, 2021)  

Table 3.20 Estimated operating cost of different scenarios  

Scenario 
Process 

configuration 
S/F ratio Heat load 

Overall fuel 

consumption 

NG fuel 

cost 

Overall CO2 

emission 
Carbon charge 

    x104 [m3/y] x1000 [$] [ton/y] x1000 [$] 

1 1 2 1 35.76 46.0 689.3 34.5 

2 2 2 1 28.65 36.8 552.4 27.6 

3 3 2 1 34.65 44.6 668.5 33.4 

4 4 2 1 32.74 42.1 631.2 31.6 

5 1 3 1 34.39 44.2 662.9 33.1 

6 2 3 1 29.79 38.3 574.1 28.7 

7 3 3 1 34.00 43.7 655.6 32.8 
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8 4 3 1 31.37 40.3 605.0 30.3 

9 1 4 1 30.29 40.8 611.6 30.6 

10 2 4 1 31.92 41.1 615.4 30.8 

11 3 4 1 32.60 41.9 628.3 31.4 

12 4 4 1 31.38 40.3 605.1 30.3 

13 1 2 2 34.84 44.8 672.2 33.6 

14 2 2 2 27.84 35.8 537.3 26.9 

15 3 2 2 34.15 43.9 659.2 33.0 

16 4 2 2 32.21 41.4 621.4 31.1 

17 1 3 2 33.38 42.9 644.0 32.2 

18 2 3 2 29.04 37.3 560.2 28.0 

19 3 3 2 33.47 43.0 645.7 32.3 

20 4 3 2 30.83 39.7 595.0 29.7 

21 1 4 2 29.06 39.2 588.7 29.4 

22 2 4 2 31.22 40.1 602.2 30.1 

23 3 4 2 32.11 41.3 619.1 31.0 

24 4 4 2 30.86 39.7 595.6 29.8 

25 1 2 3 38.85 50.0 746.8 37.3 

26 2 2 3 31.67 40.7 608.6 30.4 

27 3 2 3 37.43 48.1 720.2 36.0 

28 4 2 3 35.56 45.7 683.8 34.2 

29 1 3 3 37.54 48.3 721.6 36.1 

30 2 3 3 32.76 42.1 629.5 31.5 

31 3 3 3 36.83 47.4 708.2 35.4 

32 4 3 3 34.21 44.0 657.8 32.9 

33 1 4 3 33.53 45.0 671.9 33.6 

34 2 4 3 34.87 44.8 670.2 33.5 

35 3 4 3 35.38 45.5 680.0 34.0 

36 4 4 3 34.17 43.9 657.2 32.9 
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The table 3.21 shows that the reference configuration of SMR-WGS-PROX-LTPEMFC and 2 at 

S/F ratio 2, at each heat load are the maximum and the minimum fuel consumer (respectively) 

scenarios. The highest amount was observed in heat load 3 which the boiler covers the heat demand 

most. The maximum amount of the operating cost was estimated in scenario 25 including a yearly 

total fuel price of $50000 and an annual carbon charge of $37300. In the same heat load at S/F ratio 

of 4 the fuel cost and carbon charge decrease for the reference model 1 from the mentioned cost to 

$45000 and $33600 respectively (scenario 33). Scenario 26 offers the minimum fuel cost ($40700) 

and carbon charge ($30400). The fuel cost and the carbon charge of the reference configuration of 

SMR-WGS-HTPEMFC in the heat load at the S/F ratio of 4 (scenario 34) demonstrate escalate to 

$44800 and $33500 respectively.  

Table 3.21 Impact of heat load on the maximum operating cost (variable cost of product) 

Scenario 
Process 

configuration 

S/F 

ratio 

Heat 

load 
NG fuel cost 

Cost change for 

scenario maximum 
Carbon charge 

Carbon charge change 

scenario maximum 

    x1000 [$]  x1000 [$]  

1 1 2 1 46 Basis cost 34.5 Basis charge 

13 1 2 2 44.8 -3% 33.6 -3% 

25 1 2 3 50 9% 37.3 8% 

 

The table 3.21 shows a comparison of the maximum cost of NG fuel used by the system in different 

heat loads. It shows that the cost changed in heat load 3 (scenario 25) +9% while in heat load 2 

(scenario 13) -3% comparing the cost in the heat load 1. While the heat load 3 was 30% more, and 

the heat load 2 was 30% less than heat load 1.   
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Table 3.22 Impact of heat load on the minimum operating cost (variable cost of product) 

Scenario 
Process 

configuration 

S/F 

ratio 

Heat 

load 
NG fuel cost 

Cost change for 

scenario minimum 
Carbon charge 

Carbon charge 

change scenario 

minimum 

    x1000 [$]  x1000 [$]  

2 2 2 1 36.8 Basis cost 27.6 Basis charge 

14 2 2 2 35.8 -3% 26.9 -3% 

26 2 2 3 40.7 11% 30.4 10% 

 

A similar trend was observed in carbon charge change in different heat loads. The table 4.10 

compare the minimum cost of carbon emitted by the system in different heat loads. It was described 

that the carbon emission in heat load 3 (scenario 26) was 10% higher while in heat load 2 (scenario 

14) 3% lower compared with the emission in heat load 1 (scenario 2).  

The design provides a possibility for power to be sold back to the grid at off-peak times which 

creates direct revenue for the system. Moreover, saving up on monthly power payments of the 

building for all units grants a further benefit. Table 4.11 examined the revenue of the design 

assuming grid power of 0.07 [CAD/kWe], power sell back price at 75% ratio (0.04 [$/kWe]). 

Table 3.23 The estimated total revenue of project from sell back power to grid which is equal for 

all scenarios 

Scenario 

System total 

energy 

demand 

Grid 

energy 

usage 

CHP energy 

generation 

Surplus 

energy 

generation 

Grid 

power 

price 

Sell back 

power 

price 

Sell 

back 

revenue 

Saved 

money on 

power grid 

Total 

revenue 

 [kWe.h/y] [kWe.h/y] [kWe.h/y] [kWe.h/y] [$/kWe] [$/kWe] [$/y] [$/y] [$/y] 

All 619530 0 876000 256470 0.05 0.04 10368 33393 43760 

 

Table 3.23 reports the total revenue of the CHP system for all scenarios $43760. This revenue is 

composed of the sell-back revenue ($10358) and the unpaid money of the power grid ($33393). 

The study examined sensitivity analysis and economic analysis on all possible cases to investigate 

the feasibility of the design.  
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 ECONOMIC ANALYSIS 

For an economic analysis of the scenarios, the study used the revenue and the cost estimation data 

that were presented in the tables 3.19, 3.20, and 3.23. The overall cost of the project is made of 

operating expenses and capital expenditures. The operating expenses consist of the variable cost of 

product (VCOP) and fixed cost of product (FCOP), and fixed capital expenditure (or the capital 

cost of the system including cost of equipment, setup cost, sales margin, etc.). The VCOP includes 

raw material price (NG), utility cost (nail), consumable components (negligible), and carbon 

charge. The FCOP includes maintenance and royalty, where the royalty was assumed to be zero 

and the yearly maintenance could be 6% of the capital cost of the system. The revenue of the system 

is composed of selling back power to the grid and saving up on unpaid power fees.  

Economic analysis needs to identify payment schedules including fixed capital, working capital, 

fixed cost of production, and variable cost of production. The system works at 100% of a design 

basis and it earns 100% of revenue from the first year. 

Table 4.1 Payment schedule of project 

Item Schedule 

Fixed capital expenditure 
50% of payment at first year, 10% of payment each year for the next 5 years.  

(100% of payment will be completed at the 6th year of operation) 

Fixed cost of product 100% of payment each year. 

Variable cost of product 100% of payment each year. 

Working capital 100% of payment at 1st year.  

Depreciation 100% of tax allowance for first 10 years. 

Revenue 100% of earning each year. 

 

Overall cost of production consisting VCOP and FCOP is called cash cost of product.  

 𝐶𝐶𝑂𝑃 = 𝑉𝐶𝑂𝑃 + 𝐹𝐶𝑂𝑃  (38) 

Where: 

𝐶𝐶𝑂𝑃: Cash cost of product  

𝑉𝐶𝑂𝑃: Variable cost of product 
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FCOP: Fixed cost of product  

 

Gross profit of system is defined as difference of the product revenue and CCOP. 

 𝑃 = 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑟𝑒𝑣𝑒𝑛𝑢𝑒 − 𝐶𝐶𝑂𝑃 (39) 

Where: 

𝑃: Gross profit 

𝐶𝐶𝑂𝑃: Cash cost of product 

 

The income of the system is not an exceptional from tax law. Taxable income would be defined 

as gross profit minus taxation allowance: 

 𝑇𝑎𝑥𝑎𝑏𝑙𝑒 𝑖𝑛𝑐𝑜𝑚𝑒 = 𝑃 − 𝑇𝑎𝑥 𝑎𝑙𝑙𝑜𝑤𝑎𝑛𝑐𝑒 (40) 

 

 

Depreciation tax allowance of project is a non-cash deduction of value of asset of project that is 

applied by government to support financing of the project. This study used straight line 

depreciation as follows: 

 𝐷 = 𝐶𝑑
𝑛⁄  (41) 

Where: 

𝐷: Depreciation charge 

𝐶𝑑: Depreciable value 

𝑛: Years of depreciation 

 

The study examined depreciable value as total fixed capital cost of CHP system which is different 

for every scenarios. Correlation (40) estimates taxable income in every year of project as follows: 
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Using the most common form of tax allowance (depreciation), taxable income, tax paid by project 

and cash flow after tax are defined respectively like so: 

 𝑇𝑎𝑥𝑎𝑏𝑙𝑒 𝑖𝑛𝑐𝑜𝑚𝑒 = 𝑃 − 𝐷 
(42) 

Tax paid for year (𝑖) is calculable as the taxable income of year (𝑖 − 1) multiplied by tax rate in 

this way: 

 𝑇𝑎𝑥 𝑝𝑎𝑖𝑑𝑖 = (𝑃𝑖+1 − 𝐷𝑖+1)𝑡𝑟 (43) 

Where: 

𝑡𝑟: Tax rate (in this study 13%) 

 𝐶𝐹 = 𝑃 − 𝐶𝐸 − 𝑇𝑎𝑥 𝑝𝑎𝑖𝑑 (44) 

Where: 

𝐶𝐹: Cash flow (after tax) 

𝑃: Profit 

𝐶𝐸: Capital expenditure (based on payment schedule) 

 

 

The study assumed the project is financed to have support of investment. The cost of capital 

would be: 

 𝑖𝑐 = (𝐷𝑅 ∗ 𝑖𝑑) + ((1 − 𝐷𝑅) ∗ 𝑖𝑒) (45) 

Where: 

𝑖𝑐: Cost of capital 

𝐷𝑅: Debt ratio 

𝑖𝑑: interest rate of debt 
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𝑖𝑒: Cost of equity  

If the study assumed the investment is not covered by equity (DR is assumed to be 1), and if the 𝑖𝑑 

is 5% the cost of capital would be 5%. 

 

Based on the cash flow and cost of capital, present value of CF at year n is estimable accordingly: 

 𝑃𝑉 𝑜𝑓 𝐶𝐹 =
𝐶𝐹𝑛

(1 + 𝑖𝑐)𝑛
  

 

Net present value (NPV) evaluates time dependency of cash flow of project’s investment to find 

the profitability of project.  

 𝑁𝑃𝑉 = ∑
𝐶𝐹𝑛

(1 + 𝑖𝑐)𝑛

𝑛=𝑡

𝑛=1
 (46) 

Where: 

𝑁𝑃𝑉: Net present value 

𝐶𝐹𝑛: Cash flow in year n 

𝑡: Project life in year n 

𝑖𝑐: interest rate (cost of capital) 

 

NPV used a different method to evaluate the project’s economics by considering the future worth 

of currency versus today. It means the difference between the present value of cash inflow and 

the present value of cash outflow can evaluate the economics of the project over plant life.  
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Simple payback return time is used to investigate how long it takes the project to recover the 

invested funds. It is calculated by dividing total investment by the average annual cash flow 

described below: 

 𝑆𝑖𝑚𝑝𝑙𝑒 𝑝𝑎𝑦𝑏𝑎𝑐𝑘 𝑡𝑖𝑚𝑒 =
𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑦𝑒𝑎𝑟𝑙𝑦 𝑐𝑎𝑠ℎ 𝑓𝑙𝑜𝑤
 (47) 

Where: 

 𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 = 𝐹𝐶𝐸 + 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 (48) 

Where: 

𝐹𝐶𝐸: Fixed capital expenditure 

 

While the working capital and the average yearly cash flow are defined as follows:  

 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 = 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑟𝑒𝑣𝑒𝑛𝑢𝑒 − 𝐶𝐶𝑂𝑃 (49) 

 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑦𝑒𝑎𝑟𝑙𝑦 𝑐𝑎𝑠ℎ 𝑓𝑙𝑜𝑤 =
∑ 𝐶𝐹𝑛

𝑛=𝑡
𝑛=1

𝑛
 (50) 

Where: 

𝑛: The years that project has a positive cash flow.  

 

Another way to evaluate economic performance of the project is return on investment that is 

discoverable through dividing net annual profit by total investment. 

 𝑅𝑂𝐼 =
∑ 𝑁𝑒𝑡 𝑝𝑟𝑜𝑓𝑖𝑡𝑛=𝑡

𝑛=1

𝑃𝑙𝑎𝑛𝑡 𝑙𝑖𝑓𝑒 × 𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
× 100%  

Where: 

𝑁𝑒𝑡 𝑝𝑟𝑜𝑓𝑖𝑡: Taxable income 

Plant life: This study assumed the plant life is 15 years, however the system can work for more 

years. 

 

A project investments with a higher ROI earns more on a particular cost. Therefore, higher ROI 

means a more economically efficient project.  
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When cumulative cash flow is zero (the NVP=0), the project reaches the payback time. It is 

called the break-even point when the revenues for a product are equal to the costs of production. 

The maximum interest rate that the project can pay and the break-even point happens by end of 

the plant life is called discounted cash-flow rate of return (DCFROR) or internal rate of return 

(IRR) which is defined as follows: 

 
∑

𝐶𝐹𝑛

(1 + 𝑖′)𝑛

𝑛=𝑡

𝑛=1
= 0 

(51) 

Where: 

𝐶𝐹𝑛: Cash flow in year 𝑛 

𝑛: The year (in this study 𝑛 = 15)  

𝑖′: The discounted cash-flow rate of return 

 

IRR is used as investment criterion, which the project with a more IRR means a more profitable 

economic.  

 

For scenario 1 (the reference configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio of 2) the 

estimation for cost and revenue was reported in table 4.2. The analysis examined the fuel price, 

0.167 [CAD/m3] and grid power price 0.07 [CAD/kWe]. 

Table 4.2 Economic evaluation of project in scenario 1 (case Quebec) 

Year 
Rev. of 

prod. 
VCOP FCOP CCOP 

Gross 

profit 
FCE Dep. 

Taxable 

income 

Tax 

paid 

Cash 

flow 

PV of cash 

flow 

NPV 

[Y] [$/y] [$/y] [$/y] [$/y] [$/y] [$/y] [$/y] [$/y] [$/y] [$/y] [$/y] [$] 

1 43760 80446 16075 96521 -52760 121209 34794 -87554 0 -173970 -165685 -165685 

2 43760 80446 16075 96521 -52760 34794 34794 -87554 -11382 -76172 -69090 -234776 

3 43760 80446 16075 96521 -52760 34794 34794 -87554 -11382 -76172 -65800 -300576 

4 43760 80446 16075 96521 -52760 34794 34794 -87554 -11382 -76172 -62667 -363243 

5 43760 80446 16075 96521 -52760 34794 34794 -87554 -11382 -76172 -59683 -422926 

6 43760 80446 16075 96521 -52760 34794 34794 -87554 -11382 -76172 -56841 -479767 

7 43760 80446 16075 96521 -52760 0 34794 -87554 -11382 -41378 -29407 -509174 
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8 43760 80446 16075 96521 -52760 0 34794 -87554 -11382 -41378 -28006 -537180 

9 43760 80446 16075 96521 -52760 0 34794 -87554 -11382 -41378 -26673 -563853 

10 43760 80446 16075 96521 -52760 0 34794 -87554 -11382 -41378 -25403 -589256 

11 43760 80446 16075 96521 -52760 0 0 -52760 -11382 -41378 -24193 -613449 

12 43760 80446 16075 96521 -52760 0 0 -52760 -6859 -45901 -25560 -639008 

13 43760 80446 16075 96521 -52760 0 0 -52760 -6859 -45901 -24343 -663351 

14 43760 80446 16075 96521 -52760 0 0 -52760 -6859 -45901 -23183 -686534 

15 43760 80446 16075 96521 -52760 52760 0 -52760 -6859 -98662 -47458 -733992 

 

As can be seen in the table 4.2 the revenue of the product in the scenario (43760[$/y]) is much 

lower than CCOP which led to a minus gross profit in every year of the project. It shows a minus 

cash flow and PV in all years, which offers no break-even point in the plant life of the project. The 

data shows that the project never can be profitable for the costumer.  

This study explored the CHP system through all 36 scenarios and reach the same infeasible 

economic result. This study investigated sensitivities on operating expenses (OPEX) including fuel 

and power prices and also fixed capital expenditure (CAPEX or FCE) for all scenarios. The result 

of the project is not satisfactory for a lower profit, therefore the study explored the sensitivity 

analysis for a higher revenue (+25%) and lower costs (-25%).  

The FCE at a higher rate of manufacturing followed a remarkable decrease. In accordance with the 

capital cost estimation, the FCE at 50000 [sys/y] falls about 22% on average compared with the 

cost at the rate of 1000 [sys/y]. Table 4.3 shows the impact of the manufacturing rate raise on the 

CFE of scenarios 1-12. 

Table 4.3 Impact of increase in manufacturing rate CHP system from 1k [sys/y] to 50k [sys/y] on 

fixed capital expenditure of project 

   
Manufacturing rate of 1K 

[sys/y] 

Manufacturing rate of 50K 

[sys/y]  

Scenario 
Process 

configuration 

Gross 

power 

Unit Capital 

cost 

CHP capital 

cost 

Unit Capital 

cost 

CHP capital 

cost 
Change 

  [kW/sys] [$/kW] [$/kW] [$/kW] [$/kW]  
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1 1 124.8 2147 267913 1654 206321 23% 

2 2 117.5 2505 294228 2043 239993 18% 

3 3 132.3 2184 289024 1680 222294 23% 

4 4 133.5 2155 287692 1646 219757 24% 

5 1 121.9 2084 254105 1652 201424 21% 

6 2 117.7 2493 293486 2022 238101 19% 

7 3 132.1 2171 286788 1668 220234 23% 

8 4 133.3 2145 285911 1637 218180 24% 

9 1 120.4 2132 256755 1652 198935 23% 

10 2 118.1 2485 293587 2021 238757 19% 

11 3 132.2 2166 286388 1662 219723 23% 

12 4 133.3 2142 285606 1633 217748 24% 

 

The table 4.3 shows that the lowest change happened in scenario 2 with 18% decrease. The most 

change in the capital expenditure is observed in the proposed configuration, where manufacturing 

at the higher rate reduces the cost of configuration in all scenarios (of 4, 8, and 12) from more than 

$285k to lower than $220k per system. However, among the all scenarios the only CHP system 

with a FCE below $200k was reported for scenario 9. 

The economic analysis was investigated in three case studies for the provinces of Quebec, Ontario, 

and Alberta. Quebec province offers the lowest power price in North America (0.073 [CAD/kWh]). 

Ontario sells power at a higher rate of 13[CAD/kWh] and it is comparable with the power price in 

Alberta which is more than twice of price in Quebec (16.6 [CAD/kWh]). The price of NG fuel in 

Quebec and Alberta is almost equal to 0.23 [$/m3], while this item is sold in Ontario at a rate of 

0.19 [$/m3]. (energyhub.org, 2021) (gasalberta, 2022) (energir, 2022) 

Assuming no change in carbon charge in the coming years, a sensitivity analysis of -25% on fuel 

price (OPEX of the project), and +25% on grid power price (revenue of the project), and a change 

in FCE as described in the table 4.3 were applied for all three cases as presented in table 4.4. 
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Table 4.4 Sensitivity and price adjustment on NG cost, revenue of project, and FCE of CHP 

system for three provincial case studies 

Scenario 
Case 

study 

OPEX  

(fuel price) 

Revenue  

(power 

price) 

Average of 

FCE 
Description of sensitivity analysis 

  [$/m3] [$/kWh] [$/kW/sys]  

1-36 Quebec 0.18 0.06 2234 Economy analysis basis price 

37-72 Quebec 0.13 0.06 2234 25% decrease in fuel price 

73-108 Quebec 0.18 0.07 2234 25% increase in grid power price 

109-144 Quebec 0.18 0.06 1747 
About 22% decrease in FCE by increasing manufacturing rate from 

1K sys/y to 50K sys/y 

145-180 Quebec 0.13 0.07 2234 25% decrease in fuel price and 25% increase in grid power price 

181-216 Quebec 0.13 0.07 1747 

25% decrease in fuel price, 25% increase in grid power price, and 
about 22% decrease in FCE by increasing manufacturing rate from 

1K sys/y to 50K sys/y 

217-252 Ontario 0.15 0.1 2234 
Economy analysis adjusted to Ontario fuel and grid power price (oeb, 

2022) 

253-288 Ontario 0.11 0.1 2234 25% decrease in fuel price 

289-324 Ontario 0.15 0.13 2234 25% increase in grid power price 

325-360 Ontario 0.15 0.1 1747 
About 22% decrease in FCE by increasing manufacturing rate from 

1K sys/y to 50K sys/y 

361-396 Ontario 0.11 0.13 2234 25% decrease in fuel price and 25% increase in grid power price 

397-432 Ontario 0.11 0.13 1747 

25% decrease in fuel price, 25% increase in grid power price, and 

about 22% decrease in FCE by increasing manufacturing rate from 

1K sys/y to 50K sys/y 

433-468 Alberta 0.18 0.13 2234 Economy analysis adjusted to fuel and grid power price of Alberta 

469-504 Alberta 0.14 0.13 2234 25% decrease in fuel price 

505-540 Alberta 0.18 0.16 2234 25% increase in grid power price 

541-576 Alberta 0.18 0.13 1747 
About 22% decrease in FCE by increasing manufacturing rate from 

1K sys/y to 50K sys/y 

577-612 Alberta 0.14 0.16 2234 25% decrease in fuel price and 25% increase in grid power price 

613-648 Alberta 0.14 0.16 1747 

25% decrease in fuel price, 25% increase in grid power price, and 

about 22% decrease in FCE by increasing manufacturing rate from 

1K sys/y to 50K sys/y 
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4.1 Result of economic analysis for case study of province Quebec 

4.1.1 Scenarios 1-36 

The first 36 scenarios, are study basis for economic analysis. The analysis was conducted based on 

Quebec fuel and power price, 0.18 [$/m3] and 0.06 [$/kWh] respectively, and capital expenditure 

based on a manufacturing rate of 1000 systems per year. As it was mentioned before, non of the 

scenarios are feasible economically. Low income of project in reference model of Quebec leads to 

a too low gross profit resulting in a negative cash flow for all period of the plant life.  

4.1.2 Scenario 37-72 

Assuming a possibility 25% decrease in NG fuel price to decline OPEX of the project in the 

province of Quebec. As the detailed info shows that the VCOP decreased recognizably from about 

98k [$/y] to 82k [$/y], it is not enough to make a great change in the yearly gross profit of the 

project. Non of the scenarios’ cash flow in the whole plant life of the project was positive.  

4.1.3 Scenarios 73-108 

The impact of increasing revenue of the project with considering a 25% escalade in grid power 

price of the project was studied. The price update provides a growth in the revenue of the project 

for all scenarios (from 45.6k [$/y]) to 57k [$/y]. The result of the analysis shows that the upgrade 

in the power price is not enough for an effective positive change in the economics of the project. 

The gross profit was reported as -56.8k [$/y] which led to a highly infeasible NPV of -705.8k [$].  

4.1.4 Scenario 109-144 

The impact of an upturn in the manufacturing rate of the system from 1k [sys/y] to 50k [sys/y] 

investigates the feasibility of the project via increasing financing of the industry. As was shown in 

table C4 in appendix C the scenarios experience a clear reduction in FCE at the higher 

manufacturing rate. The result of the study on the sensitivity analysis in the Quebec province 

market leads to infeasible economics. The cash flow increased slightly due to change in the FCE, 

but the NPV at the year of 15th shows an infeasible result for all scenarios (e.g. -723.9k [$] for 

scenario 109). 
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4.1.5 Scenario 145-180 

The sensitivity analysis of a 25% drop in fuel price and a 25% raise in revenue of the project were 

investigated at the same time. The gross profit of the project for scenarios grows up (to -41k [$/y] 

for scenario 145), however, it is still negative. The NPV at the year of 15th of plant life for the 

scenario -568k [$], showing a project infeasible economically. 

4.1.6 Scenario 181-216 

Adding FCE reduction price at the higher manufacturing rate to the previous scenarios of 145-180, 

make it possible to test the feasibility of financing the technology for the most optimistic 

conditions. The NPV at the year 15th was reported as -487k [$], indicating still an infeasible project 

in the province.1 

4.2 Result of economic analysis for case study of province Ontario 

4.2.1 Scenario 217-252 

Economy study for a case in Ontario province with adjusted fuel, and power price were 

investigated. NG fuel price in Ontario is cheaper than Quebec (0.15 [$/m3] vs. 0.18 [$/m3]). In 

contrast, the grid power price in Ontario (0.1 [$/kWh] is higher than in Quebec (0.6 [$/kWh]). This 

difference creates an opportunity for the project to run at a lower cost for more revenue. However, 

the analysis shows that the adjusted prices are not able to raise the gross profit by more than -21K 

[$/y] for scenario 217 (the reference configuration of SMR-WGS-PROX-LTPEMFC, at S/F ratio 

2). The cash flow of the project for all scenarios is negative (for scenario 217 is – 31193 [$/y]), 

which leads to a negative NPV (e.g. -399.8k [$] at year 15 for the scenario) showing infeasible 

economics.  

                                                 

1 For more detail see appendix C table C6 
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4.2.2 Scenario 253-288 

Scenarios 253-288 examined the impact of a 25% decrease in fuel price on the economics of the 

project. The change in the OPEX of the project led to a fall in the CCOP of the project. For example, 

the CCOP of scenario 217 was 102k [$/y] which dropped to 89.9k [$/y] for scenario 253. This 

reduction in the OPEX reduced the negative profit from -21k [$/y] (for scenario 217) to -8.5k [$/y] 

(for scenario 253). Cash flow is still minus, resulting in NPV of -286.3k [$] at the year 15th for the 

scenario.  

4.2.3 Scenario 289-324 

Applying a +25% sensitivity on power price to grow the revenue of the project was explored in 

scenarios 289 to 324. The result of the analysis shows that gross profit to -1.3k [$/y] for scenario 

289 (the reference configuration of SMR-WGS-PROX-LTPEMFC, at S/F ratio 2). NPV at the 15th 

year of the plant life for the scenario was reported -223.4k [$]. The result shows that the economics 

of the project needs further improvements.  

4.2.4 Scenario 325-360 

The impact of production unit development on the economics of the project was examined. The 

result shows, for the reference fuel and power price on an Ontario basis, a higher manufacturing 

rate leads to NPV of the 15th year -318.9k [$] for scenario 325 which is comparable with the NPV 

of -399.8k [$] for scenario 217. Although the comparison shows a clear impact of lower FCE on 

the economy of the project it does not lead to an economically successful result.  

4.2.5 Scenario 361-396 

With merging two sensitivities of -25% on fuel price and +25% on power price in Ontario, the 

result shows a positive cash flow after the 7th year of operation of the plant in scenario 361. The 

NPV at year 15 is improved but it is negative (about -110k [$]). 



83 

 

4.2.6 Scenario 397-432  

Adding the sensitivity of FCE to the scenarios, improve the result1 remarkably. The NPV of 

scenario 397 at year 15th, was reported -29k [$]. Table C12 in the appendix C shows a brief 

comparison among all scenarios 397 to 432 regarding economy analysis input data.  

Table 4.5 Estimated cost of project for scenarios 397-432 (case study Ontario)  

Scenario 
Process 

configuration 
Heat S/F 

Total 

revenue 

Maintenance and 

replacement cost 
Carbon charge Fuel cost System FCE 

  Load ratio [$/y] [$/y] [$/y] [$/y] [$] 

397 1 1 2 101587 12379 34466 39235 206321 

398 2 1 2 101587 14400 27620 31441 239993 

399 3 1 2 101587 13338 33424 38022 222294 

400 4 1 2 101587 13185 31564 35927 219757 

401 1 1 3 101587 12085 33145 37737 201424 

402 2 1 3 101587 14286 28707 32687 238101 

403 3 1 3 101587 13214 32779 37311 220234 

404 4 1 3 101587 13091 30252 34425 218180 

405 1 1 4 101587 11936 30580 34830 198935 

406 2 1 4 101587 14325 30767 35028 238757 

407 3 1 4 101587 13183 31417 35772 219723 

408 4 1 4 101587 13065 30256 34428 217748 

409 1 2 2 101587 12379 33610 38226 206321 

410 2 2 2 101587 14400 26863 30549 239993 

411 3 2 2 101587 13338 32961 37476 222294 

412 4 2 2 101587 13185 31072 35347 219757 

413 1 2 3 101587 12085 32201 36625 201424 

414 2 2 3 101587 14286 28011 31866 238101 

                                                 

1 For more detail see appendix C table C12 
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415 3 2 3 101587 13214 32283 36727 220234 

416 4 2 3 101587 13091 29750 33833 218180 

417 1 2 4 101587 11936 29437 33483 198935 

418 2 2 4 101587 14325 30108 34251 238757 

419 3 2 4 101587 13183 30955 35228 219723 

420 4 2 4 101587 13065 29779 33865 217748 

421 1 3 2 101587 12379 37341 42623 206321 

422 2 3 2 101587 14400 30429 34752 239993 

423 3 3 2 101587 13338 36008 41067 222294 

424 4 3 2 101587 13185 34190 39023 219757 

425 1 3 3 101587 12085 36079 41196 201424 

426 2 3 3 101587 14286 31476 35950 238101 

427 3 3 3 101587 13214 35412 40414 220234 

428 4 3 3 101587 13091 32891 37536 218180 

429 1 3 4 101587 11936 33596 38385 198935 

430 2 3 4 101587 14325 33511 38262 238757 

431 3 3 4 101587 13183 33999 38815 219723 

432 4 3 4 101587 13065 32861 37497 217748 

  

As can be seen in the table 4.5 total revenue of all scenarios is equal due to the same net output 

power and the same grid power sell-back program. Various fuel consumption by scenarios leads to 

different patterns of the variable cost of products including carbon charge and fuel price. Scenario 

421 (the reference configuration of SMR-WGS-PROX-LTPEMFC, at S/F ratio 2, and heat load 3) 

needs the maximum fuel budget (42623 [$/y]) and it has the maximum carbon charge (37341 [$/y]). 

These costs are comparable by the minimum amount of fuel cost (30549 [$/y]) and the lowest 

carbon charge (26863 [$/y]) for scenario 410 (the reference model of SMR-WGS-PROX-

LTPEMFC, at S/F ratio 2, and heat load 2). However, the highest FCE was reported for the scenario 

410 (the reference process of SMR-WGS-HTPEMFC at S/F ratio of 2, and also scenarios 398 and 
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422) with an amount of 239993 [$]. The lowest FCE (198935 [$]) was reported for the reference 

configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio of 4 (scenarios 405, 417, and 429). 

A system with a higher IRR generates more cash flow for the project and it is more profitable. A 

project with a higher ROI is economically more efficient since it produces more profits with a 

particular amount of investment. A simple pay-back period estimates the required time for repaying 

the financed initial capital investment via the average generated cash flow of the project. For a 

project with positive NPV, as the net present value is higher the project would be more attractive 

for investment. The case of Ontario with all sensitivities led to some feasible projects as it was 

described in table 5.6. The economic analysis for scenarios is as follows: 

 Heat load 1: 

 Increasing the S/F ratio reduced the profitability of the reference configuration of SMR-

WGS-HTPEMFC. In contrast, the reference design of SMR-WGS-PROX-LTPEMFC 

shows a growing trend at a higher S/F ratio. Where at S/F ratio of 3, the configuration 

(scenario 405) represents the highest IRR (10.3%) and ROI of 4.9%. In this scenario, the 

average cash flow was reported about 9761 [$/y] and it takes 22.9 years to return the 

investment of the project. Moreover, the highest NPV of 15 years of $52733 was discovered 

in this scenario. 

 The reference model of SMR-WGS-HTPEMFC economic performance at a lower S/F ratio 

is better. The configuration at S/F ratio 2 (scenario 398) shows a high IRR of 9.6%, ROI of 

4.5%, and a simple pay-back period of 24.8 years.  

 At this S/F ratio 3 and 4, the offered process (scenarios 404 and 408 respectively) offers 

good economics too. Comparing the result with the configuration 3 (the model of SMR-

WGS-PSA-LTPEMFC) shows that the proposed model has far better economics.  

 The simple pay-back period in none of the scenarios is before 15 years of operating. The 

longest pay-back period was observed in result the of scenario 397 (133.7) which shows to 

what extent the average cash flow vs FCE of the scenario is low. However, the FCE as table 

4.5 mentioned, is not too high in scenario 397 (and also scenario 399) the very low IRR 

indicates that the project is not able to cover the budgetary for NG and carbon charge.  
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 Heat load 2: 

o Internal rate of return of 15 years: 

 The maximum IRR among all scenarios (12.4%) was observed in the reference 

configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio 4 (scenario 417) and the lowest 

was for scenario 411 (the process design 3 at S/F ratio 2). ROI for the scenario 417 is the 

maximum (6%) while the minimum ROI happens in the scenario 411 (1.2%). 

 Scenario 417 with 18.9 [y] attempts the lowest simple pay-back period. It is the lowest time 

of break-even point, however it happens after the 15th year of plant life.  

 The highest average cash flow (12243 [$/y]) was observed in scenario 410. The lowest 

amount was observed in the scenario 411 (2757[$/y]).  

 The first and second highest NPV were shown in scenarios 417 ($74354) and 410 (68238) 

respectively. The lowest amount was observed in scenario 411 (with negative amount of $-

21608).  

 Heat load 3: 

The result in the heat load 3 shows the same trend, but a recognizable reduction in results is 

observable in comparison with the two other heat loads. In this heat load, the only positive NPV of 

15 years is for scenario 422 (the reference configuration of SMR-WGS-HTPEMFC at S/F ratio 2). 

The IRR was reported at 5.1% and the simple pay-back period shows a disappointing number of 

48.4 years. 

The economic results of the Ontario case study in different heat loads are comparable. Economic 

analysis shows the best result happens in the reference design of SMR-WGS-PROX-LTPEMFC, 

at S/F ratio 4 and heat load 2 where the existing boiler does not support the heating system. As can 

be seen in the table 4.6, the economics of scenarios becomes less feasible with more integration of 

the boiler in the system (heat load 3 vs. heat load 1). Although the goal of the CHP system is to 

support the electric power of the system than heat, the most economically feasible scenario happens 

when the heat demand of the building is covered by the CHP system.   
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Table 4.6 Economic evaluation result of project for scenarios 397-432 (case study Ontario) 

Scenario 
Process 

configuration 

Heat 

Load 

S/F 

ratio 

IRR% 15 

years 

ROI 15 

years 

Average 

cash flow  
Simple pay-back period  

NPV 15 

years 

    % % [$/y] [y] [$] 

397 1 1 2 1.9% 0.8% 1659 133.7 -28951 

398 2 1 2 9.6% 4.5% 10794 24.8 53923 

399 3 1 2 2.0% 0.8% 1871 127.8 -30370 

400 4 1 2 6.0% 2.7% 5628 41.8 9861 

401 1 1 3 5.2% 2.4% 4677 47.0 1949 

402 2 1 3 8.1% 3.8% 8953 29.5 36144 

403 3 1 3 3.4% 1.5% 3291 72.5 -15886 

404 4 1 3 8.2% 3.8% 8275 29.2 33817 

405 1 1 4 10.3% 4.9% 9761 22.9 52733 

406 2 1 4 4.7% 2.1% 5014 51.9 -2923 

407 3 1 4 6.0% 2.7% 5896 40.9 9971 

408 4 1 4 8.2% 3.9% 8316 29.0 34325 

409 1 2 2 3.7% 1.6% 3297 67.8 -12761 

410 2 2 2 10.7% 5.1% 12243 22.0 68238 

411 3 2 2 2.9% 1.2% 2757 87.1 -21608 

412 4 2 2 6.6% 3.0% 6570 36.8 16620 

413 1 2 3 7.0% 3.3% 6484 34.3 19809 

414 2 2 3 9.2% 4.3% 10286 25.8 49316 

415 3 2 3 4.4% 2.0% 4240 56.5 -6507 

416 4 2 3 9.1% 4.3% 9236 26.3 43316 

417 1 2 4 12.4% 6.0% 11949 18.9 74354 

418 2 2 4 5.8% 2.7% 6276 41.7 9542 

419 3 2 4 6.8% 3.1% 6781 35.7 18714 

420 4 2 4 9.1% 4.3% 9230 26.3 43354 

421 1 3 2 -5.0% -2.1% -3845 NA -83342 

422 2 3 2 5.1% 2.3% 5417 48.4 782 

423 3 3 2 -3.6% -1.6% -3075 NA -79239 

424 4 3 2 0.7% 0.2% 600 391.8 -42372 

425 1 3 3 -1.2% -0.6% -940 NA -53555 

426 2 3 3 3.5% 1.6% 3653 70.6 -16234 

427 3 3 3 -2.0% -0.9% -1748 NA -65680 

428 4 3 3 3.4% 1.5% 3222 73.3 -16113 

429 1 3 4 4.5% 2.0% 3988 54.3 -4317 

430 2 3 4 -0.2% -0.2% -238 NA -54830 

431 3 3 4 1.0% 0.4% 953 246.8 -38869 
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432 4 3 4 3.5% 1.5% 3330 70.8 -14945 

 

4.3 Result of economic analysis for case study of province Alberta 

The economy analysis was estimated in the same manner for case Alberta as follows:  

4.3.1 Scenario 433-468  

The reference power price and fuel cost were adopted to Alberta market values of 0.13 [$/kWh] 

and 0.18 [$/m3] appropriately. The NG cost in Alberta is the same as in Quebec and about 0.03 

[$/m3] more expensive than its cost in Ontario which raises the operating cost of the project. 

However, the power price in Alberta is the maximum among these provinces which provides a 

unique opportunity to create extra revenue. The analysis shows that the project earns (in all 

scenarios) around 103.8K [$/y]. However, in some scenarios project reach to positive gross profit, 

but the generated cash flow was not enough to reach a positive NPV. It shows the economics of 

the project in all scenarios is infeasible for the cost assumption. Therefore, the economic study 

examined the sensitivity analysis for NG fuel cost, power price, and fixed capital expenditure to 

find out feasible cases across all scenarios.  

4.3.2 Scenario 469-504  

The economics of the project were investigated in scenarios 469-504 with the effect of a 25% 

reduction in NG cost. The study on scenario 469 shows that a small yearly gross profit of $4.6 

appears. The NPV year 15 in the scenario was reported -172.1k [$]. However, in a few scenarios, 

a positive IRR and positive ROI were observed negative cash flow and NPV were reported for all 

cases. Therefore, the reduction in NG fuel cost cannot be a useful remedy by itself. 

4.3.3 Scenario 505-540  

In scenarios 505-540 the study examined a +25% change in power price to investigate the impact 

of revenue increment on the economics of the project. However, the first scenario (#505) shows a 
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negative IRR, the result of the study shows that in some cases feasible economics are accessible 

but none of the scenarios are able to return the invested funds earlier than 24 years.1  

In heat load 1, scenario 506 (the reference process of SMR-WGS-HTPEMFC at S/F ratio 2) with 

IRR of 8.4%, ROI of 4%, average cash flow of 11518 [$/y], and NPV 15 years of $49156 shows 

the best economics result. A simple pay-back period shows that the project in this scenario takes 

more than 28 years to recover the initial investments. 

As was expected the reference configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio 4 shows 

good results too. The reported result shows that the scenario represents 513 offers 7% IRR, 3.2% 

ROI, 8148 [$/y] average cash flow, and $24091 NPV in 15 years.  

The heat load 2 offers the best economic results. Where scenario 518 (the reference configuration 

of SMR-WGS-HTPEMFC at S/F ratio 2) shows the highest IRR of 9.7% among all scenarios. The 

scenario offers the shortest simple pay-back period of 24.4 [y] and NPV year 15 reaches the 

maximum amount of $68514.  

In this heat load, scenario 525 (the reference design of SMR-WGS-PROX-LTPEMFC at S/F ratio 

4) also represents a good result of 9.2% IRR, 4.4% ROI, and NPV year 15 of $100921. The 

configuration at S/F ratio 2 still shows a negative IRR. However, the least IRR was observed in 

scenario 519 (the configuration 3 at S/F ratio 2).  

The economic result in heat load 3 is weaker than heat load 1, where only scenarios 530, 534, and 

537 express positive IRR. 

4.3.4 Scenario 541-576 

The high fixed capital expenditure of a system is one of hindering parameters for the economics of 

projects. With supporting financial resources in developing the technology a reduction of FCE is 

possible. This study investigated FCE reduction, due to an increase in the manufacturing rate of 

the CHP system from 1k per year to 50k per year, for scenarios 541-576 as it was described in table 

                                                 

1 For more detail see appendix C table C15 
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C16 Appendix C. The result of the study shows that the cost reduction alone can not have a serious 

positive impact on the economics of the scenarios.  

4.3.5 Scenarios 577-612 

Both effects of a 25% reduction in NG cost and a 25% boost in power price were tested in scenarios 

577-612. The analysis1 shows better results than what was described for scenarios 505-540. It 

reaches to IRR of 18% for scenario 597 (the reference configuration of SMR-WGS-PROX-

LTPEMFC at S/F ratio 4) in heat load 2. The scenario shows an ROI of 8.8% with a simple pay-

back period of 12.9 years with NPV year 15 of $173339. This model at the same S/F ratio but in 

heat load 1 (scenario 585) offers similar economics with a simple payback period of 14.3 years. 

The figure in heat load 3 (scenario 609), performs attractive results but with a longer pay-back 

period (16.2 years). 2 

4.3.6 Scenario 613-648 

With applying a higher manufacturing rate to reduce the FCE of the project on the previous 

scenarios the most optimistic cost estimation considering assumptions of a 25% reduction in NG 

cost, 25% increase in grid power price, for the province of Alberta, were described in table 4.7.  

 As can be seen in table 4.7, the lowest FCE of $198935, was reported for scenarios 621, 633, and 

645 (the reference configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio 4 in heat loads of 

1, 2, and 3 respectively).  

In contrast, scenarios 614, 626, and 638 (the reference design of SMR-WGS-HTPEMFC at S/F 

ratio 2 in heat loads of 1, 2, and 3 respectively) need the highest FCE of $239993.  

Scenario 626 (the reference configuration of SMR-WGS-HTPEMFC, at S/F ratio 2, and heat load 

2) needs the lowest amount of 37831 [$/y] for NG fuel consumption and the minimum amount of 

26863 [$/y] for carbon charge. It is comparable with the highest NG consumer system scenario 637 

                                                 

1 For more detail see appendix C table C17 

2 For more detail see appendix C table C18 
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(the reference process of SMR-WGS-PROX-LTPEMFC, at S/F ratio 4, and heat load 3) with the 

NG fuel cost of 52784 [$/y] and a carbon charge of 37341 [$/y].  

The impact of carbon charge, NG fuel cost, and FCE are vital in the economics of the scenarios. 

Table 4.7 Estimated cost of project for scenarios 613-648 (case study Alberta) 

Scenario Process Heat S/F Total revenue [$/y] Maintenance and  Carbon charge Fuel cost System FCE 

 configuration Load ratio [$/y] 
replacement cost  

[$/y] 
[$/y] [$/y] [$] 

613 1 1 2 129719 12379 34466 48588 206321 

614 2 1 2 129719 14400 27620 38936 239993 

615 3 1 2 129719 13338 33424 47086 222294 

616 4 1 2 129719 13185 31564 44491 219757 

617 1 1 3 129719 12085 33145 46734 201424 

618 2 1 3 129719 14286 28707 40479 238101 

619 3 1 3 129719 13214 32779 46206 220234 

620 4 1 3 129719 13091 30252 42632 218180 

621 1 1 4 129719 11936 30580 43134 198935 

622 2 1 4 129719 14325 30767 43378 238757 

623 3 1 4 129719 13183 31417 44300 219723 

624 4 1 4 129719 13065 30256 42635 217748 

625 1 2 2 129719 12379 33610 47339 206321 

626 2 2 2 129719 14400 26863 37831 239993 

627 3 2 2 129719 13338 32961 46410 222294 

628 4 2 2 129719 13185 31072 43773 219757 

629 1 2 3 129719 12085 32201 45356 201424 

630 2 2 3 129719 14286 28011 39463 238101 

631 3 2 3 129719 13214 32283 45482 220234 

632 4 2 3 129719 13091 29750 41899 218180 

633 1 2 4 129719 11936 29437 41466 198935 
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634 2 2 4 129719 14325 30108 42416 238757 

635 3 2 4 129719 13183 30955 43626 219723 

636 4 2 4 129719 13065 29779 41938 217748 

637 1 3 2 129719 12379 37341 52784 206321 

638 2 3 2 129719 14400 30429 43036 239993 

639 3 3 2 129719 13338 36008 50857 222294 

640 4 3 2 129719 13185 34190 48325 219757 

641 1 3 3 129719 12085 36079 51016 201424 

642 2 3 3 129719 14286 31476 44521 238101 

643 3 3 3 129719 13214 35412 50048 220234 

644 4 3 3 129719 13091 32891 46484 218180 

645 1 3 4 129719 11936 33596 47536 198935 

646 2 3 4 129719 14325 33511 47383 238757 

647 3 3 4 129719 13183 33999 33999 219723 

648 4 3 4 129719 13065 32861 32861 217748 
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Table 4.8 shows result of economic analysis of scenarios 613-648 as follows: 

Table 4.8 Economic evaluation result of project for scenarios 613-649 (case study Alberta) 

Scenario Process Heat S/F 
IRR% 

15 years 

ROI 

15 years 

Average cash 

flow 

Simple pay-back 

period 

NPV 15 

years 

 configuration Load ratio % % [$/y] [y] [$] 

613 1 1 2 17.5% 8.5% 18159 13.2 134099 

614 2 1 2 23.3% 11.3% 28927 10.0 233104 

615 3 1 2 16.8% 8.2% 18625 13.9 135189 

616 4 1 2 21.4% 10.2% 22821 11.1 180129 

617 1 1 3 20.8% 10.2% 21491 11.1 168098 

618 2 1 3 21.9% 10.7% 26825 10.6 212747 

619 3 1 3 18.2% 8.9% 20194 12.8 151145 

620 4 1 3 22.9% 11.1% 25782 10.2 206822 

621 1 1 4 26.1% 12.7% 27184 8.9 224899 

622 2 1 4 18.5% 9.0% 22396 12.5 168834 

623 3 1 4 20.6% 10.0% 23121 11.3 180187 

624 4 1 4 22.9% 11.2% 25823 10.1 207324 

625 1 2 2 19.1% 9.3% 20009 12.1 152377 

626 2 2 2 24.5% 11.9% 30563 9.5 249266 

627 3 2 2 17.6% 8.6% 19626 13.2 145081 

628 4 2 2 21.2% 10.3% 23884 10.9 187717 

629 1 2 3 22.6% 11.0% 23531 10.3 188261 

630 2 2 3 23.0% 11.2% 28330 10.1 227617 

631 3 2 3 19.0% 9.3% 21265 12.2 161733 

632 4 2 3 23.7% 11.6% 26867 9.8 217546 

633 1 2 4 28.3% 13.7% 29654 8.3 249308 

634 2 2 4 19.6% 9.6% 23820 11.8 182907 

635 3 2 4 21.4% 10.4% 24120 10.8 190057 
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636 4 2 4 23.8% 11.6% 26855 9.8 217518 

637 1 3 2 12.0% 5.8% 11945 19.6 72694 

638 2 3 2 18.8% 9.2% 22856 12.3 173111 

639 3 3 2 12.2% 5.8% 13042 19.3 80017 

640 4 3 2 15.7% 7.6% 17144 14.8 121116 

641 1 3 3 15.2% 7.4% 15150 15.3 105436 

642 2 3 3 17.4% 8.5% 20841 13.3 153614 

643 3 3 3 13.5% 6.5% 14505 17.3 94930 

644 4 3 3 18.2% 8.9% 20078 12.7 150453 

645 1 3 4 20.3% 9.9% 20666 11.4 160491 

646 2 3 4 14.1% 6.8% 16465 16.6 110233 

647 3 3 4 16.0% 7.8% 17541 14.5 125048 

648 4 3 4 18.4% 9.0% 20194 12.6 151700 

 

 Heat load 1: 

 Scenario 621 (the reference configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio 4) 

offers highest IRR (26.1%), the highest ROI (12.7%), a high average cash flow of 27184 

[$/y], the shortest simple pay-back period of 8.9 years with the maximum NPV of 224899 

[$].  

 Scenario 614 (the reference process of SMR-WGS-HTPEMFC at S/F ratio 2) represents 

IRR of 23.3%, ROI of 11.3%, average cash flow of 28927 [$/y], pay-back period of 10 [y], 

and with NPV of $233104. 

 Scenario 614 has more average cash flow than scenario 621. The main difference between 

these two scenarios is that scenario 614 has more FCE, while scenario 621 has a higher 

operating expense due to higher NG consumption and more carbon charge. The higher 

operating expenses limit the gross profit of the project, affect cash flow, and drop the NPV 

of the scenario. While higher capital expenditure decreases the return on investment and 

increase the pay-back period of the project. 
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 The best result in S/F ratio 3 was observed in sccenario 620 (the offered configuration) with 

around 23% IRR, ROI of 11.1%, and NPV of 206.8k [$]. The simple pay-back period was 

reported as 10.2 years. 

 Heat load 2: 

 Economic results in heat load 2 are better than heat load 1. Scenario 633 (the reference 

model of SMR-WGS-PROX-LTPEMFC at S/F ratio 4) shows the best economic results. 

The scenario represents, the maximum IRR of 28.3%, the highest ROI of 13.7%, and the 

biggest NPV of 249.3k [$]. By simple pay-back period concept, the project in this scenario 

takes only 8.3 years to return the investments which is the shortest period among all 

scenarios in this study. (Figure 36)  

 The scenario 626 (the reference design of SMR-WGS-HTPEMFC at S/F ratio 2), offers a 

more average cash flow of 30563 [$/y] which results in a close NPV to scenario 633. But 

in scenario 626 almost takes 1 year longer (8.6 [y]) for a simple pay-back period. 

 At S/F ratio 3, scenario 632 (the offered configuration) suggests the IRR is around 24% and 

it needs 9.8 years for a simple pay-back period. The result of the proposed configuration (at 

all S/F ratios and in all heat loads) are highly better than the configuration 3 (the model of 

SMR-WGS-PSA-LTPEMFC), which shows the upgrade in design has a significant impact 

on the economics of the project. 

 Heat load 3: 

 Even in heat load 3, the cost estimation limits the profitability of the project due to a high 

participation of the existing boiler in the system, the results are almost satisfactory. In brief, 

in the best case, the reference configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio 

4 (scenario 645) provides IRR of more than 20% and a simple pay-back period of 11.4 

years which is a good economic result.  
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Figure 4.1 illustrated cash flow diagram of the best scenario of the study in terms of economic 

results (scenario 633). 

 

Figure 4.1 Project Cumulative cash flow vs. plant life  

The figure 4.1 shows the project Cumulative cash flow for the scenario 633. The break-even point 

is observable in year 5th of operting of project. It shows in this scenario income of the plant after 

almost 5 years reaches to cost of production. The positive Cumulative cash flow, provides a profit 

for the system where in the 15th years of operation more than 444k [$] was reported in the figure.  
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 CONCLUSION AND RECOMMENDATIONS 

In this study, the performance of 4 process configurations in 3 S/F ratios was investigated. To 

compare technical features of the models, the efficiency of the system in terms of energy and exergy 

was studied. 

 The energy efficiency of the CHP system (in HHV basis) shows that the reference configuration 

of SMR-WGS-HTPEMFC (at S/F ratio 2) offers the maximum amount of 30%. 

Impact of S/F ratio on energy efficicency was studied and the result showed that: 

 In contrast to the reference model of SMR-WGS-HTPEMFC, the rest of the process 

configurations represent better energy efficiency at higher S/F ratios. 

 The reference configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio 4, reaches to the 

high energy efficiency of 28%. 

 At S/F ratio 3 configurations 2 and 4 attempt 28% and 27% energy efficiency. 

Exergy analysis at S/F ratio 3 was investigated and the result showed that: 

 The offered process (the process of SMR-WGS-PSA-LTPEMFC-HTPEMFC) offers exergy 

efficiency of 66% while the figure for the reference model of SMR-WGS-HTPEMFC is 57%. 

The design basis for the simulation of process configurations at each S/F ratio was to generate 

net electric power of 100 kW by fuel cells. The generated heat by fuel cells is the by-product 

of the CHP system to support the heat demand of buildings instead of an existing boiler.  

For the specific electric power production, different efficiency of models leads to different fuel 

consumption and heat generation. Due to this design basis, if the heat demand of the building was 

higher than the generated heat CHP, a shortage of heat controls contributed to the existing boiler 

in the system.It was investigated that, how with incorporating of the existing boiler, the fuel 

consumption of system does not only depends on efficiency of CHP system, but also it depends on 

the heat shortage of the system. 

 The The analysis showed that the suggested model has the lowest process fuel consumption. 

The process fuel consumption in this configuration is visibly lower than what was observed in 

the reference process of SMR-WGS-HTPEMFC at each S/F ratio. 
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 The highest fuel burned by the fired heater in the offered configuration increases the overall 

fuel usage remarkably. 

 However, considering the fuel used by the existing boiler, the most fuel consumer model would 

be the reference configuration of SMR-WGS-PROX-LTPEMFC. It was observed that the 

scenario with the reference design of SMR-WGS-PROX-LTPEMFC, at S/F ratio 2, in heat load 

3, needs the highest amount of NG fuel. 

The same trend of configurations was observed for CO2 emission.  

 Where, the lowest CO2 emission was reported in fuel processing of the proposed process. 

However, high fired heater carbon emission in this model makes the CHP system more CO2 

producer than the reference configuration of SMR-WGS-HTPEMFC even with a lower existing 

boiler contribution. 

 The reference model of SMR-WGS-HTPEMFC with higher existing boiler contribution (than 

the offered configuration), produces the lowest amount of carbon among models (at S/F ratio 

2).  

 In contrast, the reference configuration of SMR-WGS-PROX-LTPEMFC at the same S/F ratio 

with low energy efficiency and a low exergy efficiency, and a high contribution of the existing 

boiler generates the most carbon among the scenarios. 

 For S/F ratio 3, the suggested design (compared with the reference model of SMR-WGS-

HTPEMFC) needs slightly more NG fuel usage and consequently a bit more carbon emission. 

However, if the existing boiler works with no CHP system (existing case) the fuel consumption 

and CO2 emission will be almost equal to the maximum scenario (in heat load 2) or much higher 

than the maximum scenarios (heat loads 1 and 3).  

 This result justifies technical and environmental aspects of the CHP design in the scenarios 

with the minimum fuel consumption and carbon production. 

The impact of heat load on NG fuel usage and CO2 emission was investigated. While heat load 3 

(and heat load 2) need 30% higher (and 30% lower respectively) heat energy than heat load 1. The 

result showed that: 
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 Heat load 3 increased the NG fuel consumption and carbon emission of the system in heat load 

3 by around 10%, compared with heat load 1. 

 In heat load 2 both NG fuel usage and CO2 emission by the system were 3% lower than in heat 

load 1.  

Cost estimation for all scenarios was examined via operating cost assessment and capital 

expenditure evaluation.  

 The maximum cost was reported for the scenario of the reference design of SMR-WGS-

HTPEMFC at S/F ratio 2.  

 The minimum cost was observed in the reference process of SMR-WGS-PROX-LTPEMFC at 

S/F ratio 3. 

A case study on operating cost estimation and revenue of the project was conducted by adjusting 

the fuel cost and the grid power price in 3 provinces of Canada including Quebec, Ontario, and 

Alberta.  

The economic evaluation was conducted in 3 case studies, and sensitivity analysis as follows:  

o A 25% decrease in the provincial NG fuel cost to investigate the impact of the reduction in 

operating cost. 

o A 25% increase in the provincial grid power price to estimate the impact of revenue growth 

of the project. 

o An increase in the manufacturing rate of the CHP system from 1K [sys/y] to 50k [sys/y] to 

investigate the impact of FCE reduction of the project through investment in the 

development of the technology. 

The best economic result are expected to achieve with considering all three sensitivity assumptions. 

 The result showed that with the cost estimation and the sensitivity analysis none of the studied 

scenarios could be feasible in Quebec. 

 The case study for Ontario province showed that a few feasible scenarios are discoverable. The 

economic analysis showed that assuming the sensitivities, the reference configuration of SMR-

WGS-PROX-LTPEMFC at S/F ratio 4 reaches to IRR of 12.4% and a simple pay-back period 
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of around 19 years, which is more than 15 years of operation. The next options would be the 

reference configuration of SMR-WGS-HTPEMFC at S/F ratios 2 and S/F ratio 3 respectively. 

For heat load 1 the economic results were reported at a lower IRR. The first option would be 

the reference configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio 4, then the reference 

configuration of SMR-WGS-HTPEMFC at S/F ratio 2, and the third could be the offered 

configuration at S/F ratio 3. 

The reported results are comparable with the outcomes of the Alberta case study. With the 

assumption of the sensitivities the case study of Alberta suggests the best economic results.  

 The best results were observed in heat load 2 where there is no existing boiler contribution. 

While the worst economic results were reported in heat load 3, where the existing boiler 

contribution is the most. 

 In the best scenario, a simple payback period showed the necessary time of 8.3 years for 

returning the investment funds with an IRR of 28.3% and ROI of 13.7% in the reference 

configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio 4.  

 In the next option, the proposed process (the model of SMR-WGS-PSA-LTPEMFC-

HTPEMFC) at S/F ratio 2 suggests 24.5% IRR, 11.9% ROI, and a simple pay-back period of 

9.5 years.  

 For S/F ratio 3, the best option would be the offered configuration with IRR of 23.7%, ROI of 

11.6%, and a simple pay-back time of 9.8 [y]. The same trend was observed in heat load 2 with 

a few lower IRR and ROI percentages. Moreover, even in heat load 3, the same trend was 

observed with a simple pay-back period of lower than 15 years.  

Finally it can be conculuded that: 

 The CHP system reaches the best result at lower heat demand (heat load 2). It means the best 

CHP design needs to match both the power demand and heat demand of the building from 

economical and environmental points of view. 

 The sensitivity analysis showed that the impact of change in operating expenses and revenue 

of the CHP system on the economics of the project is much higher than the effect of change in 

capital expenditure of the CHP system. 
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 The most economically feasible scenarios were observed in the reference configuration of 

SMR-WGS-PROX-LTPEMFC at S/F ratio 4. 

 From environmental point of view, the reference model 2 (the configuration of SMR-WGS-

HTPEMFC) offers the best performance. Although the model needs a high capital expenditure, 

the economic results at S/F ratio 2 are attractive. 

 At S/F ratio 3, the offered process (of SMR-WGS-PSA-LTPEMFC-HTPEMFC) shows the best 

economical results. 

 

Recommendations: 

The study would be continued to investigate the proposed design in other heat loads, and other 

system sizes. Moreover, the power consumption algorithm would be added to the model. 

Furthermore, the proposed process model might be altered to reach a more efficient system. Thus, 

the research road for this study could be recommended as follows: 

 As the study showed that heat load affects the feasibility of the project, it is suggested that the 

suggested model be investigated in other heat loads. 

 It is suggested that the impact of the size of the building on the feasibility of the design be 

studied. 

 The study examined flat rate power generation. Therefore optimization of power generation of 

the power plant and study of the feasibility of the project in the optimized case would be 

interesting. 

 The gross power generation of the offered model is higher than that of the reference 

configurations, further study on the electrical efficiency of the design leads to a more efficient 

model.  
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APPENDICES 

 

APPENDIX A POWER AND HEAT LOAD OF CHP SYSTEM 

Table A1. Average daily power demand of the building for a period of a year. 

Hours of day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0 54.2 52.4 38.0 48.8 35.3 39.6 33.9 45.2 41.1 38.0 39.3 45.9 

1 50.5 36.6 41.3 45.5 38.3 31.6 42.1 36.9 43.8 35.4 48.9 36.6 

2 43.2 35.8 34.5 38.8 32.1 30.8 41.1 36.0 42.7 40.3 35.8 41.7 

3 48.1 34.9 33.7 43.3 31.3 30.1 30.1 30.1 31.3 39.3 40.7 40.7 

4 43.2 47.7 46.0 44.4 32.1 36.0 36.0 36.0 42.7 46.0 41.7 41.7 

5 61.6 59.6 57.5 55.5 53.4 51.4 51.4 51.4 53.4 57.5 59.6 59.6 

6 65.5 63.3 61.1 58.9 56.8 54.6 54.6 54.6 56.8 61.1 63.3 63.3 

7 67.8 65.5 63.3 61.0 58.8 56.5 56.5 56.5 58.8 63.3 65.5 65.5 

8 71.7 69.3 66.9 64.5 62.1 59.7 59.7 59.7 62.1 66.9 69.3 69.3 

9 75.5 73.0 70.5 68.0 65.4 62.9 62.9 62.9 65.4 70.5 73.0 73.0 

10 77.1 74.5 71.9 69.4 66.8 64.2 64.2 64.2 66.8 71.9 74.5 74.5 

11 83.2 80.4 77.7 74.9 72.1 69.4 69.4 69.4 72.1 77.7 80.4 80.4 

12 86.3 83.4 80.6 77.7 74.8 71.9 71.9 71.9 74.8 80.6 83.4 83.4 

13 83.2 80.4 77.7 74.9 72.1 69.4 69.4 69.4 72.1 77.7 80.4 80.4 

14 77.1 74.5 71.9 69.4 66.8 64.2 64.2 64.2 66.8 71.9 74.5 74.5 

15 80.1 77.5 74.8 72.1 69.5 66.8 66.8 66.8 69.5 74.8 77.5 77.5 

16 83.2 80.4 77.7 74.9 72.1 69.4 69.4 69.4 72.1 77.7 80.4 80.4 

17 90.9 87.9 84.9 81.8 78.8 75.8 75.8 75.8 78.8 84.9 87.9 87.9 

18 100.2 96.8 93.5 90.2 86.8 83.5 83.5 83.5 86.8 93.5 96.8 96.8 

19 97.1 93.9 90.6 87.4 84.1 80.9 80.9 80.9 84.1 90.6 93.9 93.9 

20 95.6 92.4 89.2 86.0 82.8 79.6 79.6 79.6 82.8 89.2 92.4 92.4 

21 92.5 89.4 86.3 83.2 80.1 77.1 77.1 77.1 80.1 86.3 89.4 89.4 

22 85.5 82.7 79.8 77.0 74.1 71.3 71.3 71.3 74.1 79.8 82.7 82.7 

23 80.1 77.5 74.8 72.1 69.5 66.8 66.8 66.8 69.5 74.8 77.5 77.5 

Sum [kWh] 1,793 1,710 1,644 1,620 1,516 1,463 1,478 1,479 1,549 1,650 1,709 1,709 

The green color shows the lower power consumption, the red color shows the higher power 

consumption. 
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Table A2. Average daily heat demand of the building (in heat load 1) for a period of a year. 

Hours Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1 251.5 184.3 205.1 142.3 90.3 62.2 46.8 38.0 101.6 127.7 184.3 233.5 

2 218.9 170.5 165.3 131.3 91.4 41.0 24.8 30.3 112.6 107.6 157.2 185.4 

3 260.5 205.4 158.3 165.0 130.1 25.3 26.0 56.0 112.6 125.9 203.9 253.6 

4 262.7 230.2 196.0 148.8 96.0 71.0 42.0 51.0 125.3 157.6 188.7 230.2 

5 361.3 300.0 222.3 165.7 151.7 45.0 72.4 84.9 119.2 204.9 262.1 303.6 

6 403.2 302.7 328.9 268.8 193.5 89.2 45.7 80.9 202.6 191.5 314.2 342.0 

7 380.2 311.6 278.8 180.6 162.5 36.9 45.6 97.4 128.3 215.4 278.8 345.0 

8 368.6 316.3 226.4 218.1 154.8 81.6 27.0 102.0 135.5 178.2 253.4 323.5 

9 338.7 277.2 267.0 225.8 154.9 39.9 63.2 77.4 132.1 191.9 257.7 313.5 

10 297.2 243.4 226.1 143.7 129.3 55.5 45.6 53.5 133.7 143.7 226.1 260.8 

11 216.7 175.3 163.0 131.8 86.2 34.5 21.7 58.5 81.4 133.6 165.0 192.2 

12 184.3 145.6 124.9 122.8 89.9 12.8 34.4 28.0 81.6 104.4 140.1 172.5 

13 191.0 160.1 133.1 119.4 80.3 42.3 26.8 34.4 80.3 111.4 147.1 158.2 

14 179.4 153.8 111.8 97.2 90.1 49.7 27.5 39.7 76.7 83.7 138.1 174.8 

15 154.2 129.2 96.1 84.8 56.6 32.0 19.5 40.5 77.4 70.6 107.4 132.2 

16 173.6 142.2 116.4 95.6 69.0 34.9 31.3 48.2 84.7 105.7 127.5 149.0 

17 207.4 180.1 165.4 115.8 97.9 41.5 26.2 40.1 69.9 103.7 148.3 184.1 

18 288.2 278.1 224.5 184.8 125.3 75.7 69.1 71.7 138.2 168.0 243.0 278.1 

19 491.5 445.7 396.5 315.5 221.2 132.6 131.1 149.7 236.0 290.9 423.6 455.3 

20 416.1 377.3 327.8 249.6 181.0 106.4 99.8 123.6 196.6 260.0 358.3 389.5 

21 373.7 357.2 301.7 221.2 184.9 103.4 79.8 113.7 196.1 224.3 315.4 353.6 

22 309.7 265.9 241.3 201.3 141.7 77.0 80.5 94.1 157.9 185.8 261.1 302.1 

23 276.5 234.5 223.0 170.5 124.4 70.8 73.7 74.6 124.4 165.9 230.6 264.2 

24 235.2 229.4 182.8 144.9 107.8 56.8 53.2 68.1 111.3 143.0 204.3 229.4 

Sum [kWh] 6840 5816 5083 4045 3011 1418 1214 1656 3016 3795 5336 6226 

The green color shows the lower power consumption, the red color shows the higher power 

consumption. 
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Table A3. Average daily heat demand of the building (in heat load 2) for a period of a year. 

Hours Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1 176.1 129.0 143.5 99.6 63.2 43.5 32.7 26.6 71.1 89.4 129.0 163.4 

2 153.2 119.3 115.7 91.9 64.0 28.7 17.4 21.2 78.8 75.3 110.1 129.8 

3 182.3 143.8 110.8 115.5 91.1 17.7 18.2 39.2 78.8 88.1 142.7 177.5 

4 183.9 161.1 137.2 104.2 67.2 49.7 29.4 35.7 87.7 110.3 132.1 161.1 

5 252.9 210.0 155.6 116.0 106.2 31.5 50.7 59.4 83.5 143.4 183.5 212.5 

6 282.2 211.9 230.3 188.2 135.5 62.5 32.0 56.6 141.8 134.1 219.9 239.4 

7 266.1 218.1 195.1 126.4 113.8 25.8 31.9 68.2 89.8 150.8 195.1 241.5 

8 258.0 221.4 158.5 152.7 108.4 57.1 18.9 71.4 94.8 124.7 177.4 226.4 

9 237.1 194.0 186.9 158.1 108.5 27.9 44.3 54.2 92.5 134.3 180.4 219.4 

10 208.1 170.4 158.3 100.6 90.5 38.9 31.9 37.4 93.6 100.6 158.3 182.5 

11 151.7 122.7 114.1 92.3 60.4 24.1 15.2 40.9 56.9 93.5 115.5 134.5 

12 129.0 101.9 87.4 86.0 62.9 9.0 24.0 19.6 57.1 73.1 98.1 120.8 

13 133.7 112.1 93.2 83.6 56.2 29.6 18.7 24.1 56.2 78.0 103.0 110.8 

14 125.6 107.7 78.3 68.0 63.1 34.8 19.2 27.8 53.7 58.6 96.7 122.4 

15 108.0 90.4 67.3 59.3 39.6 22.4 13.6 28.4 54.2 49.4 75.2 92.5 

16 121.6 99.5 81.5 66.9 48.3 24.4 21.9 33.7 59.3 74.0 89.3 104.3 

17 145.2 126.1 115.8 81.0 68.6 29.1 18.4 28.1 49.0 72.6 103.8 128.9 

18 201.7 194.7 157.1 129.4 87.7 53.0 48.4 50.2 96.8 117.6 170.1 194.7 

19 344.1 312.0 277.6 220.8 154.9 92.9 91.8 104.8 165.2 203.6 296.5 318.7 

20 291.3 264.1 229.5 174.7 126.7 74.5 69.8 86.5 137.6 182.0 250.8 272.7 

21 261.6 250.0 211.2 154.8 129.4 72.4 55.8 79.6 137.3 157.0 220.8 247.5 

22 216.8 186.1 168.9 140.9 99.2 53.9 56.4 65.9 110.5 130.1 182.8 211.5 

23 193.5 164.2 156.1 119.3 87.1 49.5 51.6 52.2 87.1 116.1 161.4 184.9 

24 164.6 160.6 127.9 101.4 75.4 39.7 37.2 47.7 77.9 100.1 143.0 160.6 

Sum [kWh] 4,788 4,071 3,558 2,832 2,108 992 850 1,159 2,111 2,657 3,735 4,358 

The green color shows the lower power consumption, the red color shows the higher power 

consumption. 

  



116 

Table A4. Average daily heat demand of the building (in heat load 3) for a period of a year. 

Hours Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1 327.0 239.6 266.6 185.0 117.4 80.9 60.8 49.4 132.1 166.0 239.6 303.5 

2 284.5 221.6 214.9 170.7 118.8 53.2 32.2 39.4 146.4 139.9 204.4 241.0 

3 338.6 267.1 205.8 214.5 169.2 32.9 33.9 72.7 146.4 163.7 265.1 329.7 

4 341.5 299.2 254.7 193.5 124.8 92.3 54.6 66.3 162.9 204.9 245.3 299.2 

5 469.6 390.0 289.0 215.5 197.3 58.4 94.2 110.4 155.0 266.4 340.7 394.6 

6 524.2 393.5 427.6 349.4 251.6 116.0 59.4 105.1 263.4 249.0 408.4 444.6 

7 494.2 405.1 362.4 234.7 211.3 47.9 59.3 126.6 166.8 280.1 362.4 448.5 

8 479.2 411.2 294.3 283.5 201.3 106.1 35.1 132.6 176.1 231.6 329.5 420.5 

9 440.3 360.3 347.1 293.5 201.4 51.8 82.2 100.6 171.7 249.5 335.0 407.5 

10 386.4 316.4 294.0 186.8 168.1 72.2 59.2 69.5 173.9 186.8 294.0 339.0 

11 281.7 227.9 211.9 171.4 112.1 44.8 28.2 76.0 105.8 173.7 214.5 249.9 

12 239.6 189.2 162.4 159.6 116.8 16.7 44.7 36.4 106.0 135.7 182.1 224.3 

13 248.3 208.1 173.0 155.2 104.3 55.0 34.8 44.7 104.3 144.9 191.2 205.7 

14 233.3 200.0 145.4 126.3 117.1 64.5 35.7 51.6 99.7 108.8 179.6 227.3 

15 200.5 167.9 124.9 110.2 73.6 41.6 25.3 52.7 100.6 91.8 139.6 171.9 

16 225.7 184.8 151.3 124.3 89.7 45.4 40.7 62.6 110.0 137.4 165.8 193.6 

17 269.6 234.1 215.0 150.5 127.3 54.0 34.1 52.1 90.9 134.8 192.7 239.4 

18 374.6 361.5 291.8 240.3 162.8 98.4 89.8 93.2 179.7 218.4 315.9 361.5 

19 639.0 579.4 515.5 410.1 287.6 172.4 170.5 194.5 306.8 378.1 550.6 591.9 

20 540.9 490.5 426.2 324.5 235.3 138.3 129.7 160.7 255.6 338.0 465.8 506.4 

21 485.8 464.4 392.2 287.5 240.4 134.4 103.7 147.9 255.0 291.6 410.0 459.6 

22 402.6 345.6 313.7 261.7 184.2 100.1 104.7 122.4 205.3 241.5 339.5 392.8 

23 359.4 304.9 289.9 221.6 161.7 92.0 95.8 97.0 161.7 215.7 299.8 343.4 

24 305.8 298.3 237.6 188.4 140.1 73.8 69.2 88.6 144.7 185.9 265.6 298.3 

Sum [kWh] 8,892 7,561 6,607 5,259 3,914 1,843 1,578 2,153 3,921 4,934 6,937 8,094 

The green color shows the lower power consumption, the red color shows the higher power 

consumption
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APPENDIX B HEAT BALANCE OF CHP SYSTEM 

Table B1. Heat generation of the reference configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio 2 (scenario 5) 

Hours Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1 225 225 225 225 225 225 225 225 225 225 225 225 

2 225 225 225 225 225 225 225 225 225 225 225 225 

3 225 225 225 225 225 225 225 225 225 225 225 225 

4 225 225 225 225 225 225 225 225 225 225 225 225 

5 225 225 225 225 225 225 225 225 225 225 225 225 

6 225 225 225 225 225 225 225 225 225 225 225 225 

7 225 225 225 225 225 225 225 225 225 225 225 225 

8 225 225 225 225 225 225 225 225 225 225 225 225 

9 225 225 225 225 225 225 225 225 225 225 225 225 

10 225 225 225 225 225 225 225 225 225 225 225 225 

11 225 225 225 225 225 225 225 225 225 225 225 225 

12 225 225 225 225 225 225 225 225 225 225 225 225 

13 225 225 225 225 225 225 225 225 225 225 225 225 

14 225 225 225 225 225 225 225 225 225 225 225 225 

15 225 225 225 225 225 225 225 225 225 225 225 225 

16 225 225 225 225 225 225 225 225 225 225 225 225 

17 225 225 225 225 225 225 225 225 225 225 225 225 

18 225 225 225 225 225 225 225 225 225 225 225 225 

19 225 225 225 225 225 225 225 225 225 225 225 225 

20 225 225 225 225 225 225 225 225 225 225 225 225 

21 225 225 225 225 225 225 225 225 225 225 225 225 

22 225 225 225 225 225 225 225 225 225 225 225 225 

23 225 225 225 225 225 225 225 225 225 225 225 225 

24 225 225 225 225 225 225 225 225 225 225 225 225 

Sum [kWh] 5390 5390 5390 5390 5390 5390 5390 5390 5390 5390 5390 5390 
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Table B2. Heat shortage of the reference configuration of SMR-WGS-PROX-LTPEMFC at S/F ratio 2 (scenario 5) highlighted cells in 

grey, existing boiler heat and CO2 emission 

Hours Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0 -27 40 20 82 134 162 178 187 123 97 40 -9 

1 6 54 59 93 133 184 200 194 112 117 67 39 

2 -36 19 66 60 94 199 199 169 112 99 21 -29 

3 -38 -6 29 76 129 154 183 174 99 67 36 -6 

4 -137 -75 2 59 73 180 152 140 105 20 -38 -79 

5 -179 -78 -104 -44 31 135 179 144 22 33 -90 -117 

6 -156 -87 -54 44 62 188 179 127 96 9 -54 -120 

7 -144 -92 -2 6 70 143 198 123 89 46 -29 -99 

8 -114 -53 -42 -1 70 185 161 147 92 33 -33 -89 

9 -73 -19 -2 81 95 169 179 171 91 81 -2 -36 

10 8 49 62 93 138 190 203 166 143 91 60 32 

11 40 79 100 102 135 212 190 197 143 120 85 52 

12 34 64 92 105 144 182 198 190 144 113 77 66 

13 45 71 113 127 134 175 197 185 148 141 86 50 

14 70 95 128 140 168 193 205 184 147 154 117 92 

15 51 82 108 129 156 190 193 176 140 119 97 76 

16 17 45 59 109 127 183 198 184 155 121 76 40 

17 -64 -54 0 40 99 149 156 153 86 57 -18 -54 

18 -267 -221 -172 -91 3 92 93 75 -11 -66 -199 -231 

19 -192 -153 -103 -25 44 118 125 101 28 -35 -134 -165 

20 -149 -133 -77 3 40 121 145 111 28 0 -91 -129 

21 -85 -41 -17 23 83 148 144 130 67 39 -37 -78 

22 -52 -10 2 54 100 154 151 150 100 59 -6 -40 

23 -11 -5 42 80 117 168 171 156 113 82 20 -5 

Sum [kWh/d] -1,450 -426 307 1,345 2,379 3,972 4,176 3,734 2,374 1,595 54 -836 

boiler generation [kWh/d] 1,450 426 0 0 0 0 0 0 0 0 0 836 
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boiler generation [kWh/month] 43,508 12,779 0 0 0 0 0 0 0 0 0 25,084 

                          

                       

                       

Boiler heat generation 81370.9 [kw.h/y]                     

Boiler fuel consumption 9750.4 [m3/y] [kW/y]*3600[s/h]/803000[kJ/kmol CH4]*23.63[m3CH4/kmol CH4]/85%          

Boiler CO2 emission 18.1 [ton/y]  [kW/y]*3600[s/h]/803000[kJ/kmol CH4]*1[kmolCO2/kmol CH4]*44 [kgCO2/molCH4]*1[ton/1000kg]/0.85%     

                       

                          

The grey color shows the shortage of heat.  
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APPENDIX C ECONOMIC ANALYSIS RESULT 

Table C1. Economic evaluation and results of scenario 1 (Case Quebec) 

 

 

Fig. C2. Cumulative cash flow diagram by plant life scenario 37  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV Result

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 45.6 100% 97.8 100% 16.1 113.9 -68.2 50% 105.7 34.8 -103 0 -174 1 -174 -165.7 -165.7 Scenario 1

2 45.6 100% 97.8 100% 16.1 113.9 -68.2 10% 34.8 34.8 -103 -13.4 -89.6 2 -263.6 -81.3 -247 Assumpt ions

3 45.6 100% 97.8 100% 16.1 113.9 -68.2 10% 34.8 34.8 -103 -13.4 -89.6 3 -353.2 -77.4 -324.4 Equit y cost 0

4 45.6 100% 97.8 100% 16.1 113.9 -68.2 10% 34.8 34.8 -103 -13.4 -89.6 4 -442.9 -73.7 -398.2 Depreciat ion cost 0.05

5 45.6 100% 97.8 100% 16.1 113.9 -68.2 10% 34.8 34.8 -103 -13.4 -89.6 0 0 0 0 Cost  of  capit al 0.05

6 45.6 100% 97.8 100% 16.1 113.9 -68.2 10% 34.8 34.8 -103 -13.4 -89.6 5 -532.5 -70.2 -468.4 Debt  rat io 1

7 45.6 100% 97.8 100% 16.1 113.9 -68.2 0% 0 34.8 -103 -13.4 -54.8 6 -622.1 -66.9 -535.3 Tax rat e 0.13

8 45.6 100% 97.8 100% 16.1 113.9 -68.2 0% 0 34.8 -103 -13.4 -54.8 7 -677 -39 -574.2 Period of  t ax allowance [ y] 10

9 45.6 100% 97.8 100% 16.1 113.9 -68.2 0% 0 34.8 -103 -13.4 -54.8 8 -731.8 -37.1 -611.4

10 45.6 100% 97.8 100% 16.1 113.9 -68.2 0% 0 34.8 -103 -13.4 -54.8 9 -786.6 -35.3 -646.7 Result 0

11 45.6 100% 97.8 100% 16.1 113.9 -68.2 0% 0 0 -68.2 -13.4 -54.8 10 -841.5 -33.7 -680.4 IRR at  year 15 # NUM!

12 45.6 100% 97.8 100% 16.1 113.9 -68.2 0% 0 0 -68.2 -8.9 -59.4 11 -896.3 -32.1 -712.4 IRR at  year 20 # NUM!

13 45.6 100% 97.8 100% 16.1 113.9 -68.2 0% 0 0 -68.2 -8.9 -59.4 12 -955.7 -33.1 -745.5 ROI (15 years) -0.33

14 45.6 100% 97.8 100% 16.1 113.9 -68.2 0% 0 0 -68.2 -8.9 -59.4 13 -1015 -31.5 -777 Simple payback period [ y]NA

15 45.6 100% 97.8 100% 16.1 113.9 -68.2 0% 68.2 0 -68.2 -8.9 -127.6 14 -1074.4 -30 -806.9 Average CF [ $/ y] -80132.5

16 45.6 100% 97.8 100% 16.1 113.9 -68.2 0% 0 0 -68.2 -8.9 -59.4 15 -1202 -61.4 -868.3 NPV (15 years) -868.3

17 45.6 100% 97.8 100% 16.1 113.9 -68.2 0% 0 0 -68.2 -8.9 -59.4 16 -1261.3 -27.2 -895.5

18 45.6 100% 97.8 100% 16.1 113.9 -68.2 0% 0 0 -68.2 -8.9 -59.4 17 -1320.7 -25.9 -921.4

19 45.6 100% 97.8 100% 16.1 113.9 -68.2 0% 0 0 -68.2 -8.9 -59.4 18 -1380.1 -24.7 -946.1

20 45.6 100% 97.8 100% 16.1 113.9 -68.2 0% 68.2 0 -68.2 -8.9 -127.6 19 -1439.4 -23.5 -969.6
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Table C2. Economic evaluation and results of scenario 37 (Case Quebec) 

 

  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV Result

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 45.6 100% 82 100% 16.1 98 -52.4 50% 81.6 26.8 -79.2 0 -134 1 -134 -127.6 -127.6 Assumpt ions 0

2 45.6 100% 82 100% 16.1 98 -52.4 10% 26.8 26.8 -79.2 -10.3 -68.9 2 -202.9 -62.5 -190.1 Equit y cost

3 45.6 100% 82 100% 16.1 98 -52.4 10% 26.8 26.8 -79.2 -10.3 -68.9 3 -271.7 -59.5 -249.6 Depreciat ion cost 0.05

4 45.6 100% 82 100% 16.1 98 -52.4 10% 26.8 26.8 -79.2 -10.3 -68.9 4 -340.6 -56.7 -306.3 Cost  of  capit al 0.05

5 45.6 100% 82 100% 16.1 98 -52.4 10% 26.8 26.8 -79.2 -10.3 -68.9 5 -409.5 -54 -360.2 Debt  rat io 1

6 45.6 100% 82 100% 16.1 98 -52.4 10% 26.8 26.8 -79.2 -10.3 -68.9 6 -478.4 -51.4 -411.7 Tax rat e 0.13

7 45.6 100% 82 100% 16.1 98 -52.4 0% 0 26.8 -79.2 -10.3 -42.1 7 -520.5 -29.9 -441.6 Period of  t ax allowance [ y] 10

8 45.6 100% 82 100% 16.1 98 -52.4 0% 0 26.8 -79.2 -10.3 -42.1 8 -562.6 -28.5 -470.1 0 0

9 45.6 100% 82 100% 16.1 98 -52.4 0% 0 26.8 -79.2 -10.3 -42.1 9 -604.7 -27.1 -497.2

10 45.6 100% 82 100% 16.1 98 -52.4 0% 0 26.8 -79.2 -10.3 -42.1 10 -646.9 -25.8 -523.1 IRR at  year 15 # NUM!

11 45.6 100% 82 100% 16.1 98 -52.4 0% 0 0 -52.4 -10.3 -42.1 11 -689 -24.6 -547.7 IRR at  year 20 # NUM!

12 45.6 100% 82 100% 16.1 98 -52.4 0% 0 0 -52.4 -6.8 -45.6 12 -734.5 -25.4 -573.1 ROI (15 years) -0.33

13 45.6 100% 82 100% 16.1 98 -52.4 0% 0 0 -52.4 -6.8 -45.6 13 -780.1 -24.2 -597.2 Simple payback period [ y]NA

14 45.6 100% 82 100% 16.1 98 -52.4 0% 0 0 -52.4 -6.8 -45.6 14 -825.7 -23 -620.3 Average CF [ $/ y] -61580.4

15 45.6 100% 82 100% 16.1 98 -52.4 0% 52.4 0 -52.4 -6.8 -98 15 -923.7 -47.1 -667.4 NPV (15 years) -667.4

16 45.6 100% 82 100% 16.1 98 -52.4 0% 0 0 -52.4 -6.8 -45.6 16 -969.3 -20.9 -688.3 NPV (15 years) -868.3

17 45.6 100% 82 100% 16.1 98 -52.4 0% 0 0 -52.4 -6.8 -45.6 17 -1014.9 -19.9 -708.2

18 45.6 100% 82 100% 16.1 98 -52.4 0% 0 0 -52.4 -6.8 -45.6 18 -1060.5 -18.9 -727.1

19 45.6 100% 82 100% 16.1 98 -52.4 0% 0 0 -52.4 -6.8 -45.6 19 -1106.1 -18 -745.2

20 45.6 100% 82 100% 16.1 98 -52.4 0% 52.4 0 -52.4 -6.8 -98 20 -1204 -36.9 -782.1
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Table C3. Economic evaluation and results of scenario 73 (Case Quebec) 

 

 

Fig. C3. Cumulative cash flow diagram by plant life scenario 73  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV Result

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 57 100% 97.8 100% 16.1 113.9 -56.8 50% 77.1 26.8 -83.6 0 -134 1 -134 -127.6 -127.6 Assumpt ions 0

2 57 100% 97.8 100% 16.1 113.9 -56.8 10% 26.8 26.8 -83.6 -10.9 -72.7 2 -206.7 -66 -193.6 Equit y cost

3 57 100% 97.8 100% 16.1 113.9 -56.8 10% 26.8 26.8 -83.6 -10.9 -72.7 3 -279.4 -62.8 -256.4 Depreciat ion cost 0.05

4 57 100% 97.8 100% 16.1 113.9 -56.8 10% 26.8 26.8 -83.6 -10.9 -72.7 4 -352.2 -59.8 -316.2 Cost  of  capit al 0.05

5 57 100% 97.8 100% 16.1 113.9 -56.8 10% 26.8 26.8 -83.6 -10.9 -72.7 5 -424.9 -57 -373.2 Debt  rat io 1

6 57 100% 97.8 100% 16.1 113.9 -56.8 10% 26.8 26.8 -83.6 -10.9 -72.7 6 -497.7 -54.3 -427.5 Tax rat e 0.13

7 57 100% 97.8 100% 16.1 113.9 -56.8 0% 0 26.8 -83.6 -10.9 -46 7 -543.6 -32.7 -460.2 Period of  t ax allowance [ y] 10

8 57 100% 97.8 100% 16.1 113.9 -56.8 0% 0 26.8 -83.6 -10.9 -46 8 -589.6 -31.1 -491.3 0 0

9 57 100% 97.8 100% 16.1 113.9 -56.8 0% 0 26.8 -83.6 -10.9 -46 9 -635.5 -29.6 -520.9

10 57 100% 97.8 100% 16.1 113.9 -56.8 0% 0 26.8 -83.6 -10.9 -46 10 -681.5 -28.2 -549.1 IRR at  year 15 # NUM!

11 57 100% 97.8 100% 16.1 113.9 -56.8 0% 0 0 -56.8 -10.9 -46 11 -727.4 -26.9 -576 IRR at  year 20 # NUM!

12 57 100% 97.8 100% 16.1 113.9 -56.8 0% 0 0 -56.8 -7.4 -49.4 12 -776.9 -27.5 -603.5 ROI (15 years) -0.35

13 57 100% 97.8 100% 16.1 113.9 -56.8 0% 0 0 -56.8 -7.4 -49.4 13 -826.3 -26.2 -629.7 Simple payback period [ y]NA

14 57 100% 97.8 100% 16.1 113.9 -56.8 0% 0 0 -56.8 -7.4 -49.4 14 -875.7 -25 -654.7 Average CF [ $/ y] -65466.3

15 57 100% 97.8 100% 16.1 113.9 -56.8 0% 56.8 0 -56.8 -7.4 -106.3 15 -982 -51.1 -705.8 NPV (15 years) -705.8

16 57 100% 97.8 100% 16.1 113.9 -56.8 0% 0 0 -56.8 -7.4 -49.4 16 -1031.4 -22.6 -728.4 NPV (15 years) -868.3

17 57 100% 97.8 100% 16.1 113.9 -56.8 0% 0 0 -56.8 -7.4 -49.4 17 -1080.9 -21.6 -750

18 57 100% 97.8 100% 16.1 113.9 -56.8 0% 0 0 -56.8 -7.4 -49.4 18 -1130.3 -20.5 -770.6

19 57 100% 97.8 100% 16.1 113.9 -56.8 0% 0 0 -56.8 -7.4 -49.4 19 -1179.7 -19.6 -790.1

20 57 100% 97.8 100% 16.1 113.9 -56.8 0% 56.8 0 -56.8 -7.4 -106.3 20 -1286 -40 -830.2
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Table C4. Economic evaluation and results of scenario 109 (Case Quebec) 

 

 

Fig. C4. Cumulative cash flow diagram by plant life scenario 109 

  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV Result

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 45.6 100% 97.8 100% 12.4 110.2 -64.5 50% 38.6 20.6 -85.2 0 -103.2 1 -103.2 -98.2 -98.2 Assumpt ions 0

2 45.6 100% 97.8 100% 12.4 110.2 -64.5 10% 20.6 20.6 -85.2 -11.1 -74.1 2 -177.3 -67.2 -165.5 Equit y cost

3 45.6 100% 97.8 100% 12.4 110.2 -64.5 10% 20.6 20.6 -85.2 -11.1 -74.1 3 -251.4 -64 -229.5 Depreciat ion cost 0.05

4 45.6 100% 97.8 100% 12.4 110.2 -64.5 10% 20.6 20.6 -85.2 -11.1 -74.1 4 -325.4 -61 -290.4 Cost  of  capit al 0.05

5 45.6 100% 97.8 100% 12.4 110.2 -64.5 10% 20.6 20.6 -85.2 -11.1 -74.1 5 -399.5 -58.1 -348.5 Debt  rat io 1

6 45.6 100% 97.8 100% 12.4 110.2 -64.5 10% 20.6 20.6 -85.2 -11.1 -74.1 6 -473.6 -55.3 -403.8 Tax rat e 0.13

7 45.6 100% 97.8 100% 12.4 110.2 -64.5 0% 0 20.6 -85.2 -11.1 -53.5 7 -527.1 -38 -441.8 Period of  t ax allowance [ y] 10

8 45.6 100% 97.8 100% 12.4 110.2 -64.5 0% 0 20.6 -85.2 -11.1 -53.5 8 -580.6 -36.2 -477.9 0 0

9 45.6 100% 97.8 100% 12.4 110.2 -64.5 0% 0 20.6 -85.2 -11.1 -53.5 9 -634 -34.5 -512.4

10 45.6 100% 97.8 100% 12.4 110.2 -64.5 0% 0 20.6 -85.2 -11.1 -53.5 10 -687.5 -32.8 -545.2 IRR at  year 15 # NUM!

11 45.6 100% 97.8 100% 12.4 110.2 -64.5 0% 0 0 -64.5 -11.1 -53.5 11 -741 -31.3 -576.5 IRR at  year 20 # NUM!

12 45.6 100% 97.8 100% 12.4 110.2 -64.5 0% 0 0 -64.5 -8.4 -56.1 12 -797.1 -31.3 -607.8 ROI (15 years) -0.55

13 45.6 100% 97.8 100% 12.4 110.2 -64.5 0% 0 0 -64.5 -8.4 -56.1 13 -853.2 -29.8 -637.5 Simple payback period [ y]NA

14 45.6 100% 97.8 100% 12.4 110.2 -64.5 0% 0 0 -64.5 -8.4 -56.1 14 -909.4 -28.4 -665.9 Average CF [ $/ y] -68671.5

15 45.6 100% 97.8 100% 12.4 110.2 -64.5 0% 64.5 0 -64.5 -8.4 -120.7 15 -1030.1 -58 -723.9 NPV (15 years) -723.9

16 45.6 100% 97.8 100% 12.4 110.2 -64.5 0% 0 0 -64.5 -8.4 -56.1 16 -1086.2 -25.7 -749.7 NPV (15 years) -868.3

17 45.6 100% 97.8 100% 12.4 110.2 -64.5 0% 0 0 -64.5 -8.4 -56.1 17 -1142.4 -24.5 -774.2

18 45.6 100% 97.8 100% 12.4 110.2 -64.5 0% 0 0 -64.5 -8.4 -56.1 18 -1198.5 -23.3 -797.5

19 45.6 100% 97.8 100% 12.4 110.2 -64.5 0% 0 0 -64.5 -8.4 -56.1 19 -1254.7 -22.2 -819.7

20 45.6 100% 97.8 100% 12.4 110.2 -64.5 0% 64.5 0 -64.5 -8.4 -120.7 20 -1375.3 -45.5 -865.2
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Table C5. Economic evaluation and results of scenario 145 (Case Quebec) 

 

 

Fig. C5. Cumulative cash flow diagram by plant life scenario 145  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV Result

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 57 100% 82 100% 16.1 98 -41 50% 93 26.8 -67.8 0 -134 1 -134 -127.6 -127.6 Assumpt ions 0

2 57 100% 82 100% 16.1 98 -41 10% 26.8 26.8 -67.8 -8.8 -59 2 -192.9 -53.5 -181.1 Equit y cost

3 57 100% 82 100% 16.1 98 -41 10% 26.8 26.8 -67.8 -8.8 -59 3 -251.9 -50.9 -232 Depreciat ion cost 0.05

4 57 100% 82 100% 16.1 98 -41 10% 26.8 26.8 -67.8 -8.8 -59 4 -310.9 -48.5 -280.5 Cost  of  capit al 0.05

5 57 100% 82 100% 16.1 98 -41 10% 26.8 26.8 -67.8 -8.8 -59 5 -369.8 -46.2 -326.7 Debt  rat io 1

6 57 100% 82 100% 16.1 98 -41 10% 26.8 26.8 -67.8 -8.8 -59 6 -428.8 -44 -370.7 Tax rat e 0.13

7 57 100% 82 100% 16.1 98 -41 0% 0 26.8 -67.8 -8.8 -32.2 7 -461 -22.9 -393.6 Period of  t ax allowance [ y] 10

8 57 100% 82 100% 16.1 98 -41 0% 0 26.8 -67.8 -8.8 -32.2 8 -493.2 -21.8 -415.4 0 0

9 57 100% 82 100% 16.1 98 -41 0% 0 26.8 -67.8 -8.8 -32.2 9 -525.3 -20.7 -436.1

10 57 100% 82 100% 16.1 98 -41 0% 0 26.8 -67.8 -8.8 -32.2 10 -557.5 -19.8 -455.9 IRR at  year 15 # NUM!

11 57 100% 82 100% 16.1 98 -41 0% 0 0 -41 -8.8 -32.2 11 -589.7 -18.8 -474.7 IRR at  year 20 # NUM!

12 57 100% 82 100% 16.1 98 -41 0% 0 0 -41 -5.3 -35.7 12 -625.4 -19.9 -494.5 ROI (15 years) -0.26

13 57 100% 82 100% 16.1 98 -41 0% 0 0 -41 -5.3 -35.7 13 -661 -18.9 -513.5 Simple payback period [ y]NA

14 57 100% 82 100% 16.1 98 -41 0% 0 0 -41 -5.3 -35.7 14 -696.7 -18 -531.5 Average CF [ $/ y] -51555.7

15 57 100% 82 100% 16.1 98 -41 0% 41 0 -41 -5.3 -76.7 15 -773.3 -36.9 -568.3 NPV (15 years) -568.3

16 57 100% 82 100% 16.1 98 -41 0% 0 0 -41 -5.3 -35.7 16 -809 -16.3 -584.7 NPV (15 years) -868.3

17 57 100% 82 100% 16.1 98 -41 0% 0 0 -41 -5.3 -35.7 17 -844.7 -15.6 -600.2

18 57 100% 82 100% 16.1 98 -41 0% 0 0 -41 -5.3 -35.7 18 -880.3 -14.8 -615.1

19 57 100% 82 100% 16.1 98 -41 0% 0 0 -41 -5.3 -35.7 19 -916 -14.1 -629.2

20 57 100% 82 100% 16.1 98 -41 0% 41 0 -41 -5.3 -76.7 20 -992.6 -28.9 -658.1
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Table C6. Economic evaluation and results of scenario 181(Case Quebec) 

 

 

Fig. C6. Cumulative cash flow diagram by plant life scenario 181  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV Result

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 57 100% 82 100% 12.4 94.3 -37.3 50% 65.9 20.6 -57.9 0 -103.2 1 -103.2 -98.2 -98.2 Assumpt ions 0

2 57 100% 82 100% 12.4 94.3 -37.3 10% 20.6 20.6 -57.9 -7.5 -50.4 2 -153.6 -45.7 -144 Equit y cost

3 57 100% 82 100% 12.4 94.3 -37.3 10% 20.6 20.6 -57.9 -7.5 -50.4 3 -204 -43.5 -187.5 Depreciat ion cost 0.05

4 57 100% 82 100% 12.4 94.3 -37.3 10% 20.6 20.6 -57.9 -7.5 -50.4 4 -254.3 -41.5 -229 Cost  of  capit al 0.05

5 57 100% 82 100% 12.4 94.3 -37.3 10% 20.6 20.6 -57.9 -7.5 -50.4 5 -304.7 -39.5 -268.4 Debt  rat io 1

6 57 100% 82 100% 12.4 94.3 -37.3 10% 20.6 20.6 -57.9 -7.5 -50.4 6 -355.1 -37.6 -306 Tax rat e 0.13

7 57 100% 82 100% 12.4 94.3 -37.3 0% 0 20.6 -57.9 -7.5 -29.8 7 -384.9 -21.2 -327.2 Period of  t ax allowance [ y] 10

8 57 100% 82 100% 12.4 94.3 -37.3 0% 0 20.6 -57.9 -7.5 -29.8 8 -414.7 -20.1 -347.3 0 0

9 57 100% 82 100% 12.4 94.3 -37.3 0% 0 20.6 -57.9 -7.5 -29.8 9 -444.4 -19.2 -366.5

10 57 100% 82 100% 12.4 94.3 -37.3 0% 0 20.6 -57.9 -7.5 -29.8 10 -474.2 -18.3 -384.8 IRR at  year 15 # NUM!

11 57 100% 82 100% 12.4 94.3 -37.3 0% 0 0 -37.3 -7.5 -29.8 11 -504 -17.4 -402.2 IRR at  year 20 # NUM!

12 57 100% 82 100% 12.4 94.3 -37.3 0% 0 0 -37.3 -4.8 -32.4 12 -536.4 -18.1 -420.3 ROI (15 years) -0.3

13 57 100% 82 100% 12.4 94.3 -37.3 0% 0 0 -37.3 -4.8 -32.4 13 -568.9 -17.2 -437.5 Simple payback period [ y]NA

14 57 100% 82 100% 12.4 94.3 -37.3 0% 0 0 -37.3 -4.8 -32.4 14 -601.3 -16.4 -453.9 Average CF [ $/ y] -44736.2

15 57 100% 82 100% 12.4 94.3 -37.3 0% 37.3 0 -37.3 -4.8 -69.7 15 -671 -33.5 -487.4 NPV (15 years) -487.4

16 57 100% 82 100% 12.4 94.3 -37.3 0% 0 0 -37.3 -4.8 -32.4 16 -703.5 -14.9 -502.3 NPV (15 years) -868.3

17 57 100% 82 100% 12.4 94.3 -37.3 0% 0 0 -37.3 -4.8 -32.4 17 -735.9 -14.2 -516.4

18 57 100% 82 100% 12.4 94.3 -37.3 0% 0 0 -37.3 -4.8 -32.4 18 -768.4 -13.5 -529.9

19 57 100% 82 100% 12.4 94.3 -37.3 0% 0 0 -37.3 -4.8 -32.4 19 -800.8 -12.8 -542.8

20 57 100% 82 100% 12.4 94.3 -37.3 0% 37.3 0 -37.3 -4.8 -69.7 20 -870.6 -26.3 -569
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Table C7. Economic evaluation and results of scenario 217(Case Ontario) 

 

 

Fig. C7. Cumulative cash flow diagram by plant life scenario 217  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV Result

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 81.3 100% 86.8 100% 16.1 102.9 -21.6 50% 112.4 26.8 -48.4 0 -134 1 -134 -127.6 -127.6 Assumpt ions 0

2 81.3 100% 86.8 100% 16.1 102.9 -21.6 10% 26.8 26.8 -48.4 -6.3 -42.1 2 -176 -38.2 -165.8 Equit y cost

3 81.3 100% 86.8 100% 16.1 102.9 -21.6 10% 26.8 26.8 -48.4 -6.3 -42.1 3 -218.1 -36.4 -202.1 Depreciat ion cost 0.05

4 81.3 100% 86.8 100% 16.1 102.9 -21.6 10% 26.8 26.8 -48.4 -6.3 -42.1 4 -260.2 -34.6 -236.7 Cost  of  capit al 0.05

5 81.3 100% 86.8 100% 16.1 102.9 -21.6 10% 26.8 26.8 -48.4 -6.3 -42.1 5 -302.3 -33 -269.7 Debt  rat io 1

6 81.3 100% 86.8 100% 16.1 102.9 -21.6 10% 26.8 26.8 -48.4 -6.3 -42.1 6 -344.4 -31.4 -301.1 Tax rat e 0.13

7 81.3 100% 86.8 100% 16.1 102.9 -21.6 0% 0 26.8 -48.4 -6.3 -15.3 7 -359.7 -10.9 -312 Period of  t ax allowance [ y] 10

8 81.3 100% 86.8 100% 16.1 102.9 -21.6 0% 0 26.8 -48.4 -6.3 -15.3 8 -375 -10.4 -322.3 0 0

9 81.3 100% 86.8 100% 16.1 102.9 -21.6 0% 0 26.8 -48.4 -6.3 -15.3 9 -390.3 -9.9 -332.2

10 81.3 100% 86.8 100% 16.1 102.9 -21.6 0% 0 26.8 -48.4 -6.3 -15.3 10 -405.6 -9.4 -341.6 IRR at  year 15 # NUM!

11 81.3 100% 86.8 100% 16.1 102.9 -21.6 0% 0 0 -21.6 -6.3 -15.3 11 -420.9 -8.9 -350.5 IRR at  year 20 # NUM!

12 81.3 100% 86.8 100% 16.1 102.9 -21.6 0% 0 0 -21.6 -2.8 -18.8 12 -439.6 -10.5 -361 ROI (15 years) -0.16

13 81.3 100% 86.8 100% 16.1 102.9 -21.6 0% 0 0 -21.6 -2.8 -18.8 13 -458.4 -10 -370.9 Simple payback period [ y]NA

14 81.3 100% 86.8 100% 16.1 102.9 -21.6 0% 0 0 -21.6 -2.8 -18.8 14 -477.2 -9.5 -380.4 Average CF [ $/ y] -34504.1

15 81.3 100% 86.8 100% 16.1 102.9 -21.6 0% 21.6 0 -21.6 -2.8 -40.4 15 -517.6 -19.4 -399.8 NPV (15 years) -399.8

16 81.3 100% 86.8 100% 16.1 102.9 -21.6 0% 0 0 -21.6 -2.8 -18.8 16 -536.3 -8.6 -408.4 NPV (15 years) -868.3

17 81.3 100% 86.8 100% 16.1 102.9 -21.6 0% 0 0 -21.6 -2.8 -18.8 17 -555.1 -8.2 -416.6

18 81.3 100% 86.8 100% 16.1 102.9 -21.6 0% 0 0 -21.6 -2.8 -18.8 18 -573.9 -7.8 -424.4

19 81.3 100% 86.8 100% 16.1 102.9 -21.6 0% 0 0 -21.6 -2.8 -18.8 19 -592.7 -7.4 -431.9

20 81.3 100% 86.8 100% 16.1 102.9 -21.6 0% 21.6 0 -21.6 -2.8 -40.4 20 -633 -15.2 -447.1
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Table C8. Economic evaluation and results of scenario 253(Case Ontario) 

 

 

Fig. C8. Cumulative cash flow diagram by plant life scenario 253  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV Result

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 81.3 100% 73.7 100% 16.1 89.8 -8.5 50% 125.5 26.8 -35.3 0 -134 1 -134 -127.6 -127.6 Assumpt ions 0

2 81.3 100% 73.7 100% 16.1 89.8 -8.5 10% 26.8 26.8 -35.3 -4.6 -30.7 2 -164.7 -27.9 -155.4 Equit y cost

3 81.3 100% 73.7 100% 16.1 89.8 -8.5 10% 26.8 26.8 -35.3 -4.6 -30.7 3 -195.4 -26.5 -182 Depreciat ion cost 0.05

4 81.3 100% 73.7 100% 16.1 89.8 -8.5 10% 26.8 26.8 -35.3 -4.6 -30.7 4 -226.1 -25.3 -207.2 Cost  of  capit al 0.05

5 81.3 100% 73.7 100% 16.1 89.8 -8.5 10% 26.8 26.8 -35.3 -4.6 -30.7 5 -256.8 -24.1 -231.3 Debt  rat io 1

6 81.3 100% 73.7 100% 16.1 89.8 -8.5 10% 26.8 26.8 -35.3 -4.6 -30.7 6 -287.5 -22.9 -254.2 Tax rat e 0.13

7 81.3 100% 73.7 100% 16.1 89.8 -8.5 0% 0 26.8 -35.3 -4.6 -3.9 7 -291.4 -2.8 -257 Period of  t ax allowance [ y] 10

8 81.3 100% 73.7 100% 16.1 89.8 -8.5 0% 0 26.8 -35.3 -4.6 -3.9 8 -295.3 -2.7 -259.6 0 0

9 81.3 100% 73.7 100% 16.1 89.8 -8.5 0% 0 26.8 -35.3 -4.6 -3.9 9 -299.3 -2.5 -262.2

10 81.3 100% 73.7 100% 16.1 89.8 -8.5 0% 0 26.8 -35.3 -4.6 -3.9 10 -303.2 -2.4 -264.6 IRR at  year 15 # NUM!

11 81.3 100% 73.7 100% 16.1 89.8 -8.5 0% 0 0 -8.5 -4.6 -3.9 11 -307.1 -2.3 -266.9 IRR at  year 20 # NUM!

12 81.3 100% 73.7 100% 16.1 89.8 -8.5 0% 0 0 -8.5 -1.1 -7.4 12 -314.5 -4.1 -271 ROI (15 years) -0.1

13 81.3 100% 73.7 100% 16.1 89.8 -8.5 0% 0 0 -8.5 -1.1 -7.4 13 -321.9 -3.9 -274.9 Simple payback period [ y]NA

14 81.3 100% 73.7 100% 16.1 89.8 -8.5 0% 0 0 -8.5 -1.1 -7.4 14 -329.3 -3.7 -278.6 Average CF [ $/ y] -23012.7

15 81.3 100% 73.7 100% 16.1 89.8 -8.5 0% 8.5 0 -8.5 -1.1 -15.9 15 -345.2 -7.7 -286.3 NPV (15 years) -286.3

16 81.3 100% 73.7 100% 16.1 89.8 -8.5 0% 0 0 -8.5 -1.1 -7.4 16 -352.6 -3.4 -289.7 NPV (15 years) -868.3

17 81.3 100% 73.7 100% 16.1 89.8 -8.5 0% 0 0 -8.5 -1.1 -7.4 17 -360 -3.2 -292.9

18 81.3 100% 73.7 100% 16.1 89.8 -8.5 0% 0 0 -8.5 -1.1 -7.4 18 -367.4 -3.1 -296

19 81.3 100% 73.7 100% 16.1 89.8 -8.5 0% 0 0 -8.5 -1.1 -7.4 19 -374.8 -2.9 -298.9

20 81.3 100% 73.7 100% 16.1 89.8 -8.5 0% 8.5 0 -8.5 -1.1 -15.9 20 -390.7 -6 -304.9
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Table C9. Economic evaluation and results of scenario 2589 (Case Ontario) 

 

 

Fig. C9. Cumulative cash flow diagram by plant life scenario 289 

  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV Result

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 101.6 100% 86.8 100% 16.1 102.9 -1.3 50% 132.7 26.8 -28.1 0 -134 1 -134 -127.6 -127.6 Assumpt ions 0

2 101.6 100% 86.8 100% 16.1 102.9 -1.3 10% 26.8 26.8 -28.1 -3.6 -24.4 2 -158.4 -22.1 -149.7 Equit y cost

3 101.6 100% 86.8 100% 16.1 102.9 -1.3 10% 26.8 26.8 -28.1 -3.6 -24.4 3 -182.8 -21.1 -170.8 Depreciat ion cost 0.05

4 101.6 100% 86.8 100% 16.1 102.9 -1.3 10% 26.8 26.8 -28.1 -3.6 -24.4 4 -207.2 -20.1 -190.9 Cost  of  capit al 0.05

5 101.6 100% 86.8 100% 16.1 102.9 -1.3 10% 26.8 26.8 -28.1 -3.6 -24.4 5 -231.6 -19.1 -210 Debt  rat io 1

6 101.6 100% 86.8 100% 16.1 102.9 -1.3 10% 26.8 26.8 -28.1 -3.6 -24.4 6 -256 -18.2 -228.2 Tax rat e 0.13

7 101.6 100% 86.8 100% 16.1 102.9 -1.3 0% 0 26.8 -28.1 -3.6 2.4 7 -253.6 1.7 -226.5 Period of  t ax allowance [ y] 10

8 101.6 100% 86.8 100% 16.1 102.9 -1.3 0% 0 26.8 -28.1 -3.6 2.4 8 -251.2 1.6 -224.9 0 0

9 101.6 100% 86.8 100% 16.1 102.9 -1.3 0% 0 26.8 -28.1 -3.6 2.4 9 -248.9 1.5 -223.4

10 101.6 100% 86.8 100% 16.1 102.9 -1.3 0% 0 26.8 -28.1 -3.6 2.4 10 -246.5 1.5 -221.9 IRR at  year 15 # NUM!

11 101.6 100% 86.8 100% 16.1 102.9 -1.3 0% 0 0 -1.3 -3.6 2.4 11 -244.1 1.4 -220.5 IRR at  year 20 # NUM!

12 101.6 100% 86.8 100% 16.1 102.9 -1.3 0% 0 0 -1.3 -0.2 -1.1 12 -245.2 -0.6 -221.2 ROI (15 years) -0.07

13 101.6 100% 86.8 100% 16.1 102.9 -1.3 0% 0 0 -1.3 -0.2 -1.1 13 -246.3 -0.6 -221.7 Simple payback period [ y]NA

14 101.6 100% 86.8 100% 16.1 102.9 -1.3 0% 0 0 -1.3 -0.2 -1.1 14 -247.4 -0.6 -222.3 Average CF [ $/ y] -16651.9

15 101.6 100% 86.8 100% 16.1 102.9 -1.3 0% 1.3 0 -1.3 -0.2 -2.4 15 -249.8 -1.1 -223.4 NPV (15 years) -223.4

16 101.6 100% 86.8 100% 16.1 102.9 -1.3 0% 0 0 -1.3 -0.2 -1.1 16 -250.9 -0.5 -223.9 NPV (15 years) -868.3

17 101.6 100% 86.8 100% 16.1 102.9 -1.3 0% 0 0 -1.3 -0.2 -1.1 17 -252 -0.5 -224.4

18 101.6 100% 86.8 100% 16.1 102.9 -1.3 0% 0 0 -1.3 -0.2 -1.1 18 -253.1 -0.5 -224.9

19 101.6 100% 86.8 100% 16.1 102.9 -1.3 0% 0 0 -1.3 -0.2 -1.1 19 -254.2 -0.4 -225.3

20 101.6 100% 86.8 100% 16.1 102.9 -1.3 0% 1.3 0 -1.3 -0.2 -2.4 20 -256.6 -0.9 -226.2
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Table C10. Economic evaluation and results of scenario 325 (Cas e Ontario)

 

 

 

Fig. C10. Cumulative cash flow diagram by plant life scenario 325  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV 0

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 81.3 100% 86.8 100% 12.4 99.2 -17.9 50% 85.3 20.6 -38.5 0 -103.2 1 -103.2 -98.2 -98.2 0 0

2 81.3 100% 86.8 100% 12.4 99.2 -17.9 10% 20.6 20.6 -38.5 -5 -33.5 2 -136.7 -30.4 -128.6 0

3 81.3 100% 86.8 100% 12.4 99.2 -17.9 10% 20.6 20.6 -38.5 -5 -33.5 3 -170.2 -28.9 -157.6 0 0.05

4 81.3 100% 86.8 100% 12.4 99.2 -17.9 10% 20.6 20.6 -38.5 -5 -33.5 4 -203.7 -27.6 -185.2 0 0.05

5 81.3 100% 86.8 100% 12.4 99.2 -17.9 10% 20.6 20.6 -38.5 -5 -33.5 5 -237.2 -26.3 -211.4 0 1

6 81.3 100% 86.8 100% 12.4 99.2 -17.9 10% 20.6 20.6 -38.5 -5 -33.5 6 -270.7 -25 -236.4 0 0.13

7 81.3 100% 86.8 100% 12.4 99.2 -17.9 0% 0 20.6 -38.5 -5 -12.9 7 -283.6 -9.2 -245.6 0 10

8 81.3 100% 86.8 100% 12.4 99.2 -17.9 0% 0 20.6 -38.5 -5 -12.9 8 -296.5 -8.7 -254.3 0 0

9 81.3 100% 86.8 100% 12.4 99.2 -17.9 0% 0 20.6 -38.5 -5 -12.9 9 -309.4 -8.3 -262.6

10 81.3 100% 86.8 100% 12.4 99.2 -17.9 0% 0 20.6 -38.5 -5 -12.9 10 -322.2 -7.9 -270.5 0 # NUM!

11 81.3 100% 86.8 100% 12.4 99.2 -17.9 0% 0 0 -17.9 -5 -12.9 11 -335.1 -7.5 -278 0 # NUM!

12 81.3 100% 86.8 100% 12.4 99.2 -17.9 0% 0 0 -17.9 -2.3 -15.6 12 -350.7 -8.7 -286.7 0 -0.17

13 81.3 100% 86.8 100% 12.4 99.2 -17.9 0% 0 0 -17.9 -2.3 -15.6 13 -366.3 -8.3 -295 0 NA

14 81.3 100% 86.8 100% 12.4 99.2 -17.9 0% 0 0 -17.9 -2.3 -15.6 14 -381.8 -7.9 -302.8 0 -27684.5

15 81.3 100% 86.8 100% 12.4 99.2 -17.9 0% 17.9 0 -17.9 -2.3 -33.5 15 -415.3 -16.1 -318.9 0 -318.9

16 81.3 100% 86.8 100% 12.4 99.2 -17.9 0% 0 0 -17.9 -2.3 -15.6 16 -430.8 -7.1 -326 NPV (15 years) -868.3

17 81.3 100% 86.8 100% 12.4 99.2 -17.9 0% 0 0 -17.9 -2.3 -15.6 17 -446.4 -6.8 -332.8

18 81.3 100% 86.8 100% 12.4 99.2 -17.9 0% 0 0 -17.9 -2.3 -15.6 18 -462 -6.5 -339.3

19 81.3 100% 86.8 100% 12.4 99.2 -17.9 0% 0 0 -17.9 -2.3 -15.6 19 -477.5 -6.2 -345.5

20 81.3 100% 86.8 100% 12.4 99.2 -17.9 0% 17.9 0 -17.9 -2.3 -33.5 20 -511 -12.6 -358.1
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Table C11. Economic evaluation and results of scenario 361 (Case Ontario) 

 

 

Fig. C11. Cumulative cash flow diagram by plant life scenario 361 

  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV 0

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 101.6 100% 73.7 100% 16.1 89.8 11.8 50% 145.8 26.8 -15 0 -134 1 -134 -127.6 -127.6 0 0

2 101.6 100% 73.7 100% 16.1 89.8 11.8 10% 26.8 26.8 -15 -1.9 -13 2 -147 -11.8 -139.4 0

3 101.6 100% 73.7 100% 16.1 89.8 11.8 10% 26.8 26.8 -15 -1.9 -13 3 -160 -11.3 -150.7 0 0.05

4 101.6 100% 73.7 100% 16.1 89.8 11.8 10% 26.8 26.8 -15 -1.9 -13 4 -173.1 -10.7 -161.4 0 0.05

5 101.6 100% 73.7 100% 16.1 89.8 11.8 10% 26.8 26.8 -15 -1.9 -13 5 -186.1 -10.2 -171.6 0 1

6 101.6 100% 73.7 100% 16.1 89.8 11.8 10% 26.8 26.8 -15 -1.9 -13 6 -199.1 -9.7 -181.3 0 0.13

7 101.6 100% 73.7 100% 16.1 89.8 11.8 0% 0 26.8 -15 -1.9 13.8 7 -185.4 9.8 -171.5 0 10

8 101.6 100% 73.7 100% 16.1 89.8 11.8 0% 0 26.8 -15 -1.9 13.8 8 -171.6 9.3 -162.2 0 0

9 101.6 100% 73.7 100% 16.1 89.8 11.8 0% 0 26.8 -15 -1.9 13.8 9 -157.8 8.9 -153.4

10 101.6 100% 73.7 100% 16.1 89.8 11.8 0% 0 26.8 -15 -1.9 13.8 10 -144.1 8.4 -144.9 0 -0.0518

11 101.6 100% 73.7 100% 16.1 89.8 11.8 0% 0 0 11.8 -1.9 13.8 11 -130.3 8 -136.9 0 -0.0063

12 101.6 100% 73.7 100% 16.1 89.8 11.8 0% 0 0 11.8 1.5 10.3 12 -120 5.7 -131.1 0 -0.02

13 101.6 100% 73.7 100% 16.1 89.8 11.8 0% 0 0 11.8 1.5 10.3 13 -109.8 5.4 -125.7 0 NA

14 101.6 100% 73.7 100% 16.1 89.8 11.8 0% 0 0 11.8 1.5 10.3 14 -99.5 5.2 -120.5 0 -5160.5

15 101.6 100% 73.7 100% 16.1 89.8 11.8 0% -11.8 0 11.8 1.5 22.1 15 -77.4 10.6 -109.9 0 -109.9

16 101.6 100% 73.7 100% 16.1 89.8 11.8 0% 0 0 11.8 1.5 10.3 16 -67.1 4.7 -105.2 NPV (15 years) -868.3

17 101.6 100% 73.7 100% 16.1 89.8 11.8 0% 0 0 11.8 1.5 10.3 17 -56.9 4.5 -100.7

18 101.6 100% 73.7 100% 16.1 89.8 11.8 0% 0 0 11.8 1.5 10.3 18 -46.6 4.3 -96.4

19 101.6 100% 73.7 100% 16.1 89.8 11.8 0% 0 0 11.8 1.5 10.3 19 -36.3 4.1 -92.3

20 101.6 100% 73.7 100% 16.1 89.8 11.8 0% -11.8 0 11.8 1.5 22.1 20 -14.2 8.3 -84
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Table C12. Economic evaluation and results of scenario 397 (Case Ontario) 

 

 

Fig. C12. Cumulative cash flow diagram by plant life scenario 397 

  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV 0

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 101.6 100% 73.7 100% 12.4 86.1 15.5 50% 118.7 20.6 -5.1 0 -103.2 1 -103.2 -98.2 -98.2 0 0

2 101.6 100% 73.7 100% 12.4 86.1 15.5 10% 20.6 20.6 -5.1 -0.7 -4.5 2 -107.6 -4 -102.3 0

3 101.6 100% 73.7 100% 12.4 86.1 15.5 10% 20.6 20.6 -5.1 -0.7 -4.5 3 -112.1 -3.9 -106.1 0 0.05

4 101.6 100% 73.7 100% 12.4 86.1 15.5 10% 20.6 20.6 -5.1 -0.7 -4.5 4 -116.5 -3.7 -109.8 0 0.05

5 101.6 100% 73.7 100% 12.4 86.1 15.5 10% 20.6 20.6 -5.1 -0.7 -4.5 5 -121 -3.5 -113.3 0 1

6 101.6 100% 73.7 100% 12.4 86.1 15.5 10% 20.6 20.6 -5.1 -0.7 -4.5 6 -125.5 -3.3 -116.6 0 0.13

7 101.6 100% 73.7 100% 12.4 86.1 15.5 0% 0 20.6 -5.1 -0.7 16.2 7 -109.3 11.5 -105.1 0 10

8 101.6 100% 73.7 100% 12.4 86.1 15.5 0% 0 20.6 -5.1 -0.7 16.2 8 -93.1 10.9 -94.2 0 0

9 101.6 100% 73.7 100% 12.4 86.1 15.5 0% 0 20.6 -5.1 -0.7 16.2 9 -76.9 10.4 -83.8

10 101.6 100% 73.7 100% 12.4 86.1 15.5 0% 0 20.6 -5.1 -0.7 16.2 10 -60.8 9.9 -73.8 0 0.0189

11 101.6 100% 73.7 100% 12.4 86.1 15.5 0% 0 0 15.5 -0.7 16.2 11 -44.6 9.5 -64.4 0 0.0538

12 101.6 100% 73.7 100% 12.4 86.1 15.5 0% 0 0 15.5 2 13.5 12 -31.1 7.5 -56.9 0 0.01

13 101.6 100% 73.7 100% 12.4 86.1 15.5 0% 0 0 15.5 2 13.5 13 -17.6 7.2 -49.7 0 133.71

14 101.6 100% 73.7 100% 12.4 86.1 15.5 0% 0 0 15.5 2 13.5 14 -4.1 6.8 -42.9 0 1659

15 101.6 100% 73.7 100% 12.4 86.1 15.5 0% -15.5 0 15.5 2 29 15 24.9 13.9 -29 0 -29

16 101.6 100% 73.7 100% 12.4 86.1 15.5 0% 0 0 15.5 2 13.5 16 38.4 6.2 -22.8 NPV (15 years) -868.3

17 101.6 100% 73.7 100% 12.4 86.1 15.5 0% 0 0 15.5 2 13.5 17 51.9 5.9 -16.9

18 101.6 100% 73.7 100% 12.4 86.1 15.5 0% 0 0 15.5 2 13.5 18 65.4 5.6 -11.3

19 101.6 100% 73.7 100% 12.4 86.1 15.5 0% 0 0 15.5 2 13.5 19 78.9 5.3 -5.9

20 101.6 100% 73.7 100% 12.4 86.1 15.5 0% -15.5 0 15.5 2 29 20 107.8 10.9 5
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Table C13. Economic evaluation and results of scenario 433 (Case Alberta) 

 

 

Fig. C13. Cumulative cash flow diagram by plant life scenario 43  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV 0

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 103.8 100% 99.2 100% 16.1 115.3 -11.5 50% 122.4 26.8 -38.3 0 -134 1 -134 -127.6 -127.6 0 0

2 103.8 100% 99.2 100% 16.1 115.3 -11.5 10% 26.8 26.8 -38.3 -5 -33.4 2 -167.3 -30.3 -157.8 0

3 103.8 100% 99.2 100% 16.1 115.3 -11.5 10% 26.8 26.8 -38.3 -5 -33.4 3 -200.7 -28.8 -186.6 0 0.05

4 103.8 100% 99.2 100% 16.1 115.3 -11.5 10% 26.8 26.8 -38.3 -5 -33.4 4 -234 -27.4 -214.1 0 0.05

5 103.8 100% 99.2 100% 16.1 115.3 -11.5 10% 26.8 26.8 -38.3 -5 -33.4 5 -267.4 -26.1 -240.2 0 1

6 103.8 100% 99.2 100% 16.1 115.3 -11.5 10% 26.8 26.8 -38.3 -5 -33.4 6 -300.7 -24.9 -265.1 0 0.13

7 103.8 100% 99.2 100% 16.1 115.3 -11.5 0% 0 26.8 -38.3 -5 -6.6 7 -307.3 -4.7 -269.8 0 10

8 103.8 100% 99.2 100% 16.1 115.3 -11.5 0% 0 26.8 -38.3 -5 -6.6 8 -313.9 -4.4 -274.2 0 0

9 103.8 100% 99.2 100% 16.1 115.3 -11.5 0% 0 26.8 -38.3 -5 -6.6 9 -320.4 -4.2 -278.5

10 103.8 100% 99.2 100% 16.1 115.3 -11.5 0% 0 26.8 -38.3 -5 -6.6 10 -327 -4 -282.5 0 # NUM!

11 103.8 100% 99.2 100% 16.1 115.3 -11.5 0% 0 0 -11.5 -5 -6.6 11 -333.6 -3.8 -286.3 0 # NUM!

12 103.8 100% 99.2 100% 16.1 115.3 -11.5 0% 0 0 -11.5 -1.5 -10 12 -343.6 -5.6 -291.9 0 -0.11

13 103.8 100% 99.2 100% 16.1 115.3 -11.5 0% 0 0 -11.5 -1.5 -10 13 -353.7 -5.3 -297.3 0 NA

14 103.8 100% 99.2 100% 16.1 115.3 -11.5 0% 0 0 -11.5 -1.5 -10 14 -363.7 -5.1 -302.3 0 -25687.1

15 103.8 100% 99.2 100% 16.1 115.3 -11.5 0% 11.5 0 -11.5 -1.5 -21.6 15 -385.3 -10.4 -312.7 0 -312.7

16 103.8 100% 99.2 100% 16.1 115.3 -11.5 0% 0 0 -11.5 -1.5 -10 16 -395.4 -4.6 -317.3 NPV (15 years) -868.3

17 103.8 100% 99.2 100% 16.1 115.3 -11.5 0% 0 0 -11.5 -1.5 -10 17 -405.4 -4.4 -321.7

18 103.8 100% 99.2 100% 16.1 115.3 -11.5 0% 0 0 -11.5 -1.5 -10 18 -415.4 -4.2 -325.9

19 103.8 100% 99.2 100% 16.1 115.3 -11.5 0% 0 0 -11.5 -1.5 -10 19 -425.5 -4 -329.9

20 103.8 100% 99.2 100% 16.1 115.3 -11.5 0% 11.5 0 -11.5 -1.5 -21.6 20 -447.1 -8.1 -338
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Table C14. Economic evaluation and results of scenario 469 (Case Alberta) 

 

 

Fig. C14. Cumulative cash flow diagram by plant life scenario 469  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV 0

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 103.8 100% 83.1 100% 16.1 99.1 4.6 50% 138.6 26.8 -22.1 0 -134 1 -134 -127.6 -127.6 0 0

2 103.8 100% 83.1 100% 16.1 99.1 4.6 10% 26.8 26.8 -22.1 -2.9 -19.3 2 -153.2 -17.5 -145.1 0

3 103.8 100% 83.1 100% 16.1 99.1 4.6 10% 26.8 26.8 -22.1 -2.9 -19.3 3 -172.5 -16.6 -161.7 0 0.05

4 103.8 100% 83.1 100% 16.1 99.1 4.6 10% 26.8 26.8 -22.1 -2.9 -19.3 4 -191.8 -15.9 -177.5 0 0.05

5 103.8 100% 83.1 100% 16.1 99.1 4.6 10% 26.8 26.8 -22.1 -2.9 -19.3 5 -211 -15.1 -192.6 0 1

6 103.8 100% 83.1 100% 16.1 99.1 4.6 10% 26.8 26.8 -22.1 -2.9 -19.3 6 -230.3 -14.4 -207 0 0.13

7 103.8 100% 83.1 100% 16.1 99.1 4.6 0% 0 26.8 -22.1 -2.9 7.5 7 -222.8 5.3 -201.7 0 10

8 103.8 100% 83.1 100% 16.1 99.1 4.6 0% 0 26.8 -22.1 -2.9 7.5 8 -215.2 5.1 -196.6 0 0

9 103.8 100% 83.1 100% 16.1 99.1 4.6 0% 0 26.8 -22.1 -2.9 7.5 9 -207.7 4.9 -191.7

10 103.8 100% 83.1 100% 16.1 99.1 4.6 0% 0 26.8 -22.1 -2.9 7.5 10 -200.2 4.6 -187.1 0 -0.1446

11 103.8 100% 83.1 100% 16.1 99.1 4.6 0% 0 0 4.6 -2.9 7.5 11 -192.7 4.4 -182.7 0 -0.0852

12 103.8 100% 83.1 100% 16.1 99.1 4.6 0% 0 0 4.6 0.6 4 12 -188.6 2.3 -180.5 0 -0.05

13 103.8 100% 83.1 100% 16.1 99.1 4.6 0% 0 0 4.6 0.6 4 13 -184.6 2.1 -178.3 0 NA

14 103.8 100% 83.1 100% 16.1 99.1 4.6 0% 0 0 4.6 0.6 4 14 -180.5 2 -176.3 0 -11456.2

15 103.8 100% 83.1 100% 16.1 99.1 4.6 0% -4.6 0 4.6 0.6 8.7 15 -171.8 4.2 -172.1 0 -172.1

16 103.8 100% 83.1 100% 16.1 99.1 4.6 0% 0 0 4.6 0.6 4 16 -167.8 1.9 -170.2 NPV (15 years) -868.3

17 103.8 100% 83.1 100% 16.1 99.1 4.6 0% 0 0 4.6 0.6 4 17 -163.8 1.8 -168.5

18 103.8 100% 83.1 100% 16.1 99.1 4.6 0% 0 0 4.6 0.6 4 18 -159.7 1.7 -166.8

19 103.8 100% 83.1 100% 16.1 99.1 4.6 0% 0 0 4.6 0.6 4 19 -155.7 1.6 -165.2

20 103.8 100% 83.1 100% 16.1 99.1 4.6 0% -4.6 0 4.6 0.6 8.7 20 -147 3.3 -161.9
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Table C15. Economic evaluation and results of scenario 505 (Case Alberta) 

 

 

Fig. C15. Cumulative cash flow diagram by plant life scenario 505  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV 0

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 129.7 100% 99.2 100% 16.1 115.3 14.4 50% 148.4 26.8 -12.4 0 -134 1 -134 -127.6 -127.6 0 0

2 129.7 100% 99.2 100% 16.1 115.3 14.4 10% 26.8 26.8 -12.4 -1.6 -10.8 2 -144.7 -9.8 -137.4 0

3 129.7 100% 99.2 100% 16.1 115.3 14.4 10% 26.8 26.8 -12.4 -1.6 -10.8 3 -155.5 -9.3 -146.7 0 0.05

4 129.7 100% 99.2 100% 16.1 115.3 14.4 10% 26.8 26.8 -12.4 -1.6 -10.8 4 -166.3 -8.9 -155.6 0 0.05

5 129.7 100% 99.2 100% 16.1 115.3 14.4 10% 26.8 26.8 -12.4 -1.6 -10.8 5 -177.1 -8.5 -164 0 1

6 129.7 100% 99.2 100% 16.1 115.3 14.4 10% 26.8 26.8 -12.4 -1.6 -10.8 6 -187.9 -8 -172 0 0.13

7 129.7 100% 99.2 100% 16.1 115.3 14.4 0% 0 26.8 -12.4 -1.6 16 7 -171.9 11.4 -160.7 0 10

8 129.7 100% 99.2 100% 16.1 115.3 14.4 0% 0 26.8 -12.4 -1.6 16 8 -155.9 10.8 -149.8 0 0

9 129.7 100% 99.2 100% 16.1 115.3 14.4 0% 0 26.8 -12.4 -1.6 16 9 -139.9 10.3 -139.5

10 129.7 100% 99.2 100% 16.1 115.3 14.4 0% 0 26.8 -12.4 -1.6 16 10 -123.9 9.8 -129.7 0 -0.0276

11 129.7 100% 99.2 100% 16.1 115.3 14.4 0% 0 0 14.4 -1.6 16 11 -107.9 9.4 -120.3 0 0.0142

12 129.7 100% 99.2 100% 16.1 115.3 14.4 0% 0 0 14.4 1.9 12.5 12 -95.3 7 -113.4 0 -0.01

13 129.7 100% 99.2 100% 16.1 115.3 14.4 0% 0 0 14.4 1.9 12.5 13 -82.8 6.6 -106.7 0 NA

14 129.7 100% 99.2 100% 16.1 115.3 14.4 0% 0 0 14.4 1.9 12.5 14 -70.3 6.3 -100.4 0 -2891.2

15 129.7 100% 99.2 100% 16.1 115.3 14.4 0% -14.4 0 14.4 1.9 26.9 15 -43.4 12.9 -87.5 0 -87.5

16 129.7 100% 99.2 100% 16.1 115.3 14.4 0% 0 0 14.4 1.9 12.5 16 -30.8 5.7 -81.7 NPV (15 years) -868.3

17 129.7 100% 99.2 100% 16.1 115.3 14.4 0% 0 0 14.4 1.9 12.5 17 -18.3 5.5 -76.3

18 129.7 100% 99.2 100% 16.1 115.3 14.4 0% 0 0 14.4 1.9 12.5 18 -5.8 5.2 -71

19 129.7 100% 99.2 100% 16.1 115.3 14.4 0% 0 0 14.4 1.9 12.5 19 6.7 5 -66.1

20 129.7 100% 99.2 100% 16.1 115.3 14.4 0% -14.4 0 14.4 1.9 26.9 20 33.6 10.1 -55.9
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Table C16. Economic evaluation and results of scenario 541 (Case Alberta) 

 

 

Fig. C16. Cumulative cash flow diagram by plant life scenario 541  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV 0

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 103.8 100% 99.2 100% 12.4 111.6 -7.9 50% 95.3 20.6 -28.5 0 -103.2 1 -103.2 -98.2 -98.2 0 0

2 103.8 100% 99.2 100% 12.4 111.6 -7.9 10% 20.6 20.6 -28.5 -3.7 -24.8 2 -127.9 -22.5 -120.7 0

3 103.8 100% 99.2 100% 12.4 111.6 -7.9 10% 20.6 20.6 -28.5 -3.7 -24.8 3 -152.7 -21.4 -142.1 0 0.05

4 103.8 100% 99.2 100% 12.4 111.6 -7.9 10% 20.6 20.6 -28.5 -3.7 -24.8 4 -177.5 -20.4 -162.5 0 0.05

5 103.8 100% 99.2 100% 12.4 111.6 -7.9 10% 20.6 20.6 -28.5 -3.7 -24.8 5 -202.3 -19.4 -181.9 0 1

6 103.8 100% 99.2 100% 12.4 111.6 -7.9 10% 20.6 20.6 -28.5 -3.7 -24.8 6 -227.1 -18.5 -200.4 0 0.13

7 103.8 100% 99.2 100% 12.4 111.6 -7.9 0% 0 20.6 -28.5 -3.7 -4.2 7 -231.2 -2.9 -203.4 0 10

8 103.8 100% 99.2 100% 12.4 111.6 -7.9 0% 0 20.6 -28.5 -3.7 -4.2 8 -235.4 -2.8 -206.2 0 0

9 103.8 100% 99.2 100% 12.4 111.6 -7.9 0% 0 20.6 -28.5 -3.7 -4.2 9 -239.5 -2.7 -208.9

10 103.8 100% 99.2 100% 12.4 111.6 -7.9 0% 0 20.6 -28.5 -3.7 -4.2 10 -243.7 -2.5 -211.4 0 # NUM!

11 103.8 100% 99.2 100% 12.4 111.6 -7.9 0% 0 0 -7.9 -3.7 -4.2 11 -247.8 -2.4 -213.8 0 # NUM!

12 103.8 100% 99.2 100% 12.4 111.6 -7.9 0% 0 0 -7.9 -1 -6.8 12 -254.7 -3.8 -217.6 0 -0.11

13 103.8 100% 99.2 100% 12.4 111.6 -7.9 0% 0 0 -7.9 -1 -6.8 13 -261.5 -3.6 -221.3 0 NA

14 103.8 100% 99.2 100% 12.4 111.6 -7.9 0% 0 0 -7.9 -1 -6.8 14 -268.3 -3.5 -224.7 0 -18867.5

15 103.8 100% 99.2 100% 12.4 111.6 -7.9 0% 7.9 0 -7.9 -1 -14.7 15 -283 -7.1 -231.8 0 -231.8

16 103.8 100% 99.2 100% 12.4 111.6 -7.9 0% 0 0 -7.9 -1 -6.8 16 -289.8 -3.1 -234.9 NPV (15 years) -868.3

17 103.8 100% 99.2 100% 12.4 111.6 -7.9 0% 0 0 -7.9 -1 -6.8 17 -296.7 -3 -237.9

18 103.8 100% 99.2 100% 12.4 111.6 -7.9 0% 0 0 -7.9 -1 -6.8 18 -303.5 -2.8 -240.7

19 103.8 100% 99.2 100% 12.4 111.6 -7.9 0% 0 0 -7.9 -1 -6.8 19 -310.3 -2.7 -243.4

20 103.8 100% 99.2 100% 12.4 111.6 -7.9 0% 7.9 0 -7.9 -1 -14.7 20 -325 -5.5 -249
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Table C17. Economic evaluation and results of scenario 577 (Case Alberta) 

 

 

Fig. C16. Cumulative cash flow diagram by plant life scenario 577  

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV 0

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 129.7 100% 83.1 100% 16.1 99.1 30.6 50% 164.5 26.8 3.8 0 -134 1 -134 -127.6 -127.6 0 0

2 129.7 100% 83.1 100% 16.1 99.1 30.6 10% 26.8 26.8 3.8 0.5 3.3 2 -130.7 3 -124.6 0

3 129.7 100% 83.1 100% 16.1 99.1 30.6 10% 26.8 26.8 3.8 0.5 3.3 3 -127.3 2.9 -121.7 0 0.05

4 129.7 100% 83.1 100% 16.1 99.1 30.6 10% 26.8 26.8 3.8 0.5 3.3 4 -124 2.7 -119 0 0.05

5 129.7 100% 83.1 100% 16.1 99.1 30.6 10% 26.8 26.8 3.8 0.5 3.3 5 -120.7 2.6 -116.4 0 1

6 129.7 100% 83.1 100% 16.1 99.1 30.6 10% 26.8 26.8 3.8 0.5 3.3 6 -117.4 2.5 -114 0 0.13

7 129.7 100% 83.1 100% 16.1 99.1 30.6 0% 0 26.8 3.8 0.5 30.1 7 -87.3 21.4 -92.6 0 10

8 129.7 100% 83.1 100% 16.1 99.1 30.6 0% 0 26.8 3.8 0.5 30.1 8 -57.2 20.4 -72.2 0 0

9 129.7 100% 83.1 100% 16.1 99.1 30.6 0% 0 26.8 3.8 0.5 30.1 9 -27.1 19.4 -52.8

10 129.7 100% 83.1 100% 16.1 99.1 30.6 0% 0 26.8 3.8 0.5 30.1 10 3 18.5 -34.3 0 0.0905

11 129.7 100% 83.1 100% 16.1 99.1 30.6 0% 0 0 30.6 0.5 30.1 11 33.1 17.6 -16.7 0 0.1158

12 129.7 100% 83.1 100% 16.1 99.1 30.6 0% 0 0 30.6 4 26.6 12 59.7 14.8 -1.9 0 0.04

13 129.7 100% 83.1 100% 16.1 99.1 30.6 0% 0 0 30.6 4 26.6 13 86.3 14.1 12.2 0 26.32

14 129.7 100% 83.1 100% 16.1 99.1 30.6 0% 0 0 30.6 4 26.6 14 112.9 13.4 25.7 0 11339.6

15 129.7 100% 83.1 100% 16.1 99.1 30.6 0% -30.6 0 30.6 4 57.2 15 170.1 27.5 53.2 0 53.2

16 129.7 100% 83.1 100% 16.1 99.1 30.6 0% 0 0 30.6 4 26.6 16 196.7 12.2 65.4 NPV (15 years) -868.3

17 129.7 100% 83.1 100% 16.1 99.1 30.6 0% 0 0 30.6 4 26.6 17 223.3 11.6 77

18 129.7 100% 83.1 100% 16.1 99.1 30.6 0% 0 0 30.6 4 26.6 18 249.9 11.1 88

19 129.7 100% 83.1 100% 16.1 99.1 30.6 0% 0 0 30.6 4 26.6 19 276.5 10.5 98.6

20 129.7 100% 83.1 100% 16.1 99.1 30.6 0% -30.6 0 30.6 4 57.2 20 333.8 21.6 120.1
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Table C18. Economic evaluation and results of scenario 613 (Case Alberta) 

 

 

Fig. C18. Cumulative cash flow diagram by plant life scenario 613 

Plant  lif e Prod. Rev. VCOP payment  scheduleVCOP FCOP payment  scheduleFCOP CCOP Gross prof it FCE payment FCE Depreciat ion Taxable income Tax paid Cash Flow Plant  lif e Cumulat ive cash f lowPV of  cash f low NPV 0

1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 1000*[ $/ y] 0 1000*[ $/ y] 1000*[ $/ y] 1000x[ $]

1 129.7 100% 83.1 100% 12.4 95.4 34.3 50% 137.4 20.6 13.7 0 -103.2 1 -103.2 -98.2 -98.2 0 0

2 129.7 100% 83.1 100% 12.4 95.4 34.3 10% 20.6 20.6 13.7 1.8 11.9 2 -91.3 10.8 -87.5 0

3 129.7 100% 83.1 100% 12.4 95.4 34.3 10% 20.6 20.6 13.7 1.8 11.9 3 -79.4 10.3 -77.2 0 0.05

4 129.7 100% 83.1 100% 12.4 95.4 34.3 10% 20.6 20.6 13.7 1.8 11.9 4 -67.5 9.8 -67.4 0 0.05

5 129.7 100% 83.1 100% 12.4 95.4 34.3 10% 20.6 20.6 13.7 1.8 11.9 5 -55.6 9.3 -58.1 0 1

6 129.7 100% 83.1 100% 12.4 95.4 34.3 10% 20.6 20.6 13.7 1.8 11.9 6 -43.8 8.9 -49.3 0 0.13

7 129.7 100% 83.1 100% 12.4 95.4 34.3 0% 0 20.6 13.7 1.8 32.5 7 -11.3 23.1 -26.2 0 10

8 129.7 100% 83.1 100% 12.4 95.4 34.3 0% 0 20.6 13.7 1.8 32.5 8 21.3 22 -4.2 0 0

9 129.7 100% 83.1 100% 12.4 95.4 34.3 0% 0 20.6 13.7 1.8 32.5 9 53.8 21 16.8

10 129.7 100% 83.1 100% 12.4 95.4 34.3 0% 0 20.6 13.7 1.8 32.5 10 86.3 20 36.8 0 0.1751

11 129.7 100% 83.1 100% 12.4 95.4 34.3 0% 0 0 34.3 1.8 32.5 11 118.8 19 55.8 0 0.1914

12 129.7 100% 83.1 100% 12.4 95.4 34.3 0% 0 0 34.3 4.5 29.8 12 148.6 16.6 72.4 0 0.09

13 129.7 100% 83.1 100% 12.4 95.4 34.3 0% 0 0 34.3 4.5 29.8 13 178.4 15.8 88.2 0 13.25

14 129.7 100% 83.1 100% 12.4 95.4 34.3 0% 0 0 34.3 4.5 29.8 14 208.3 15.1 103.3 0 18159.1

15 129.7 100% 83.1 100% 12.4 95.4 34.3 0% -34.3 0 34.3 4.5 64.1 15 272.4 30.8 134.1 0 134.1

16 129.7 100% 83.1 100% 12.4 95.4 34.3 0% 0 0 34.3 4.5 29.8 16 302.2 13.7 147.8 NPV (15 years) -868.3

17 129.7 100% 83.1 100% 12.4 95.4 34.3 0% 0 0 34.3 4.5 29.8 17 332 13 160.8

18 129.7 100% 83.1 100% 12.4 95.4 34.3 0% 0 0 34.3 4.5 29.8 18 361.9 12.4 173.2

19 129.7 100% 83.1 100% 12.4 95.4 34.3 0% 0 0 34.3 4.5 29.8 19 391.7 11.8 185

20 129.7 100% 83.1 100% 12.4 95.4 34.3 0% -34.3 0 34.3 4.5 64.1 20 455.8 24.2 209.1


