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Abstract 

The important role of a heat storage system in the transition to a low carbon economy is widely 

acknowledged in scientific literature. In cold regions like Canada, where fossil-based space heating 

systems are widely used, the associated greenhouse gas emissions (GHGs) are a major concern. 

The use of a zeolite 13X adsorbent heat storage system for space heating provides a promising 

alternative when integrated with renewable resources such as solar and wind. This study developed 

a bottom-up techno-economic and life cycle assessment models to understand the economic 

viability and environmental sustainability of the proposed heating system. The storage system is 

designed to replace a traditional 16 kW furnace installed in an average single detached house in 

Canada over a 20-year lifetime.  

The life cycle greenhouse gas emissions are estimated to be 0.127 kg CO2 eq per kWh of delivered 

heat. The largest contribution is due to energy consumption in the operational phase (71% of the 

total emissions). The material production stage accounts for 28%, primarily a result of the 

upstream emissions in the manufacturing of air solar collectors. The system is energy efficient due 

to its net energy ratio of 3.2. The ratio of adsorbent vessel length to diameter and the pallet diameter 

appear to be the most sensitive parameters both for GHG emissions and net energy ratio. The 

uncertainty analysis shows that GHG emissions and net energy ratio of the space heating system 

are in the range of 90.1-205.4 g CO2 eq/kWh and 2.26-3.36, respectively. The low GHG emissions 

are a strong competitive aspect of zeolite-based space heating system. 

At a cost of $0.05 to 0.06 per kWh of produced heat, the system appears to be competitive with 

existing space heating systems such as hot water heating electric boiler and hot water heating gas-

fired boiler. Photovoltaic thermal air solar collectors are the largest portion of the capital 

investment, about 67% of the total system cost. Length-to-diameter ratio, zeolite pallet diameter, 
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and solar collector potential were found to be most sensitive variables in Morris sensitivity 

analysis. Additionally, the system has a scale factor of 0.761, as developed in this study. The 

research highlights that adsorbent storage using solar heat for space heating is an economically 

feasible and environmentally sound alternative to conventional heating. The information 

developed in this study could be used to make investment decisions and formulate policy. 
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Chapter 1 

Introduction 

1.1  Background 

Canada is situated in a cold climate; many of its provinces experience daily average temperatures 

around -15 oC in winter (Weather & Climate 2019), which results in a space heating intensity of 

more than 0.49 GJ/m2 per year (Natural Resources Canada 2019). The most common heating 

system in North America is the forced air system, which uses a furnace and a blower fan to deliver 

air through a network of ducts (Formisano 2019). Natural gas is the main furnace fuel consumed; 

liquid propane, fuel oil, and electricity are occasionally used (Service Champions 2018). Another 

option for space heating is the natural gas boiler, which is efficient and compact (Formisano 2019). 

These systems are popular because of the low-cost, reliable gas technology and the abundance of 

natural gas resources in North America (Home Guide 2019). According to Statistics Canada, 

natural gas only accounts for 6% household energy use in Quebec but is the principle household 

energy source of other provinces like Alberta (72%), Saskatchewan (68%), Ontario (62%), and 

British Columbia (54%) (Statistics Canada 2011). Given that most space heating technologies rely 

heavily on fossil fuels, space heating contributed to more than 60% of end-use energy and made 

up the second highest share of GHG emissions in the Canadian residential sector in 2016 

(Lemghalef and Sager 2019). 

The Canadian Net-Zero Emissions Accountability Act introduced in Parliament in November 2020 

confirms Canada’s goal of net-zero emissions by 2050 (Government of Canada 2021). Achieving 

this target requires transforming the energy system, i.e., increasing energy efficiency, reducing the 
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use of fossil fuels, switching to renewable energy resources and carbon capture and storage 

(Melillo et al. 2014; Environment and Climate Change Canada 2019). For the residential sector, 

replacing traditional fossil fuel systems with greener space heating systems is a key to substantially 

reducing GHG emissions in this sector.  

One promising solution is to integrate renewable systems by harvesting renewable resources and 

storing excess energy in residential homes. In regions where electricity is generated from 

renewable energy sources such as hydro, solar, or wind, heat converted from electricity by electric 

furnace, boiler, or another system would be ideal. The energy efficiency resulting in reduced 

energy bills and the associated capital cost are critical factors in consumers’ decisions. Incentives 

available for the mitigation of GHG emissions are also attractive to consumers. In regions with 

less severe climates and higher GHG emissions from electricity generation, a popular choice is the 

heat pump, which is energy efficient (Formisano 2019). A heat pump can be used for both heating 

and cooling by extracting heat from outdoor air or ground sources (Formisano 2019). In regions 

with high GHG emissions in the electricity generation sector and abundant solar irradiation, solar-

based heating systems are an option. Liquid-based active solar heating and room air heaters are 

examples of harvesting and using energy at the household level (U.S. Department of Energy 2020). 

The advantage of these systems is reduced dependency on grid electricity.  

Because of the intermittent nature of solar energy, a storage system is required with solar collectors 

or panels providing heat when required, even when solar irradiation is absent. Energy storage is 

an important bridge to overcome the intermittency issue and stabilize renewable energy 

production. Energy storage systems retain excess energy when renewable energy resources are 

abundant and regenerate the stored energy during downtimes or intermittency periods. Energy 

storage systems can be categorized as electro-chemical, mechanical, or thermal storage. Common 
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mechanical energy storage includes flywheel, pumped hydro energy, and compressed air energy 

storage. Hydrogen energy storage is a typical example chemical energy storage. However, thermal 

energy storage systems have significant potential and are the focus of this research. More 

specifically, the study investigates zeolite 13X (an adsorbent) storage for space heating in 

residential homes.  

Thermal energy storage (TES) stores heat for both short-term use and seasonal applications. TES 

is categorized into sensible, latent, and thermochemical storage. Zeolite 13X belongs to the 

thermochemical category, in which heat is stored as chemical energy or a chemical bond. Zeolite, 

a porous material made of hydrous silicates, is commonly used as an adsorbent or a catalyst in 

different industries including as ion-exchange water softeners, dishwasher detergents, CO2 

capture, and odor control (Krishna et al. 2002; Jänchen et al. 2004; Jänchen et al. 2012; Schumann 

et al. 2012; Woodford 2019; Sandomierski et al. 2020). The zeolite structure resembles a cage that 

accepts water molecules into its framework and generates heat as a product (Jänchen et al. 2004). 

Zeolite is categorized by its three-dimensional crystal structure as type A or type X (Burkes 2020). 

Zeolite 13X is usually applied through an air separation process with high purity oxygen. Zeolite 

13X and water were chosen for the space heating system in this study because they are not toxic 

to humans and the chemical formula of each substance stays the same during the operation phase.  

Zeolite 13X thermochemical storage is still in the research and development stage, and its 

sustainability is a topic of concern. Hence, for this research a life cycle assessment (LCA) model 

was developed to assess GHG emissions. In addition, a techno-economic model of the zeolite 13X 

heating system connected to solar collectors was developed to assess cost. The GHG emissions 

model provides insights into the GHG emissions from the different life cycle stages (extraction, 

production, manufacturing, operation, and recycling) of individual components as well as the 
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whole system. The model is a powerful tool that can identify and address areas of greatest 

environmental impact. Another useful application of life cycle assessment is the comparison of the 

environmental impact of different technologies. This comparison can help policymakers, 

investors, and consumers understand whether to develop new technologies or use existing 

technology.  

A critical aspect of sustainable development is the economics of a new technology. The techno-

economic assessment (TEA) model in this research was built from the bottom up with a scalable 

model for each component. The levelized cost of generated heat was calculated so that 

technologies can be compared. Therefore, this research provides necessary information for the 

sustainable development of the proposed zeolite 13X system for space heating purposes.  

1.2  Literature review  

Research on adsorbent materials such as zeolite 13X focuses on screening or improving the energy 

density of adsorbent pairs to reduce their physical footprints while achieving safe and stable 

interactions during the operation phase. For example, Hua et al. tested the energy density of various 

adsorbent materials under low regeneration temperatures and relative humidity to simulate partial 

charging (2019). A study by Lefebvre et al. experimented on new synthesized adsorbents and 

developed a model to simulate adsorbent reactions in the storage vessel based on various adsorbent 

properties and engineering fundamentals (2016). Tatsidjodoung et al. also performed an 

experimental and numerical study on prototype zeolite 13X and water-based adsorbent for space 

heating (2016). An average 38 oC temperature increase during 8 hours of discharge was achieved 

with an inlet air flow rate of 180 m3/hour and specific air humidity of 10 g/kg (Tatsidjodoung et 

al. 2016). Similarly, Johannes et al. designed and conducted experiments with a 2,000W zeolite 

open reactor system that supplied heat for a 2-hour period (2015). The authors found that lower 
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humidity during hydration and reduced air flow rate lowered the maximum power released. Finck 

et al. researched a zeolite system delivering 800W of heating power (2014). The authors concluded 

that the decrease in temperature between desorption (charging) and condensing (discharging) from 

100K to 80K reduced energy density by 30% (Finck et al. 2014). Van Alebeek et al. reported a 

delivered power of 4.4 kW and capacity of 52 kWh from a 250 L zeolite 13X system (2018). 

Lowering the pressure drop in the system increases the thermal performance of the storage system 

(Van Alebeek et al. 2018). Zettl et al. achieved a temperature increase of 36K with approximately 

12 kWh of stored energy in a 50 kg zeolite rotating reactor (2014). de Boer et al. developed a 150 

kg zeolite 13X prototype to verify the feasibility of the long-term thermochemical storage (TCS) 

and the capacity to deliver thermal energy at temperatures useful for domestic application (2014). 

Many researchers have proposed the use of adsorbent storage for space heating, but they have not 

explored means of integrating the storage into space heating systems at a residential scale. 

Moreover, in the absence of a system design, the environmental performance and economic 

feasibility are not known. These are critical gaps in the literature. 

Research exploring the applications and environmental performance of adsorbents such as zeolite 

13X for space heating is scarce. Horn et al. compared the environmental impacts of innovative 

materials for thermal storage in buildings such as phase change and thermochemical materials 

(2018). The study showed that thermochemical materials have higher global warming potential 

than phase change materials, which is mainly due to the high energy requirement during the 

production and manufacturing stages of thermochemical materials. Nienborg et al. also performed 

a comparative assessment of silica gel, silicoaluminumphosphates (SAPO-34), zeolite 13X, CAU-

10-H, aluminium fumarate MOF (Al-Fum), and lithium chloride (LiCl)-vermiculate (2018). This 

thesis, therefore, aims to fill the aforementioned knowledge gaps by developing an LCA model to 
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extensively evaluate the environmental benefits of integrating zeolite-based storage with air solar 

collectors to supply space heating for residents in cold climate regions such as Canada. Moreover, 

analysing the energy efficiency of the whole life cycle through the perspective of the net energy 

ratio will provide a good understanding of system energy management and is also focus of this 

study.    

Another knowledge gap in the literature on adsorbent storage for space heating system is related 

to the economic feasibility and the scale factor of the various components of the system. Scapino 

et al. studied the techno-economic optimization of a sorption system in different energy markets 

(2020). The system included two heat exchangers, a heat recovery device, sorption reactor, 

humidification unit, and valves. The authors concluded that the sorption thermal energy storage 

integration would increase system profits by 41% in certain scenarios in the UK market. The paper 

focused on large-scale heat storage that provides heat to a district heating system. A rough 

economic evaluation by Hauer for a 7,000 kg zeolite 13X system that covers a heat load of 95kW 

over a period of 14 hours is about 60,000 Euro (2007). A humidifier, water tank, control unit, and 

three modules of zeolite 13X are the main components in this model. Hauer developed a system 

to provide additional heating and cooling for a school. Zondag et al. determined investment costs 

to be around 10200 Euro and 28000 Euro for solar collectors integrated with 7000 kg low-cost 

sorption materials and zeolite, respectively (2010). The authors considered low-cost sorption 

materials, storage casing, vacuum tube collectors, collectors system components, heat exchangers, 

and the bore hole. Installation, operating, and maintenance costs were included in the model. All 

of this research focuses on large-scale heating systems and does not consider costs for small, 

residential household storage. Moreover, the economies of scale and the impact of variability of 

the input parameters on the outputs are not well addressed in the existing literature. Therefore, this 
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thesis addresses these gaps by developing a comprehensive techno-economic assessment model of 

a zeolite 13X thermal storage system with a photovoltaic thermal (PVT) air system. The model 

was developed from the bottom up based on the main components necessary for the adsorbent 

system. Additionally, uncertainty and sensitivity analyses were conducted to improve the accuracy 

of estimates and to understand the effects of key input parameters on the results.   

1.3  Research gaps  

The following are the key knowledge gaps the thesis aims to address:  

• There is very limited information in the literature on integrating adsorbent storage into 

space heating systems. Most of the research is at laboratory scale with little emphasis on 

how the system would fit into residential heating systems. To fill this gap, engineering 

design is used to simulate a space heating system and characterize the process flow. 

Information from the system design is used in life cycle assessment and techno-economic 

modelling.   

• There is no system-based quantification of the life cycle GHG emissions of the whole 

adsorbent heating system. Environmental performance data is necessary as it is a crucial 

indicator of the sustainability of a new proposed system and for comparisons among 

technologies. 

• The energy performance of adsorbent-based space heating system in terms of net energy 

ratio is unknown. The net energy ratio helps to understand whether a technology delivers 

energy efficiently and can be used to prioritize renewable energy systems for future 

development.  

• Most techno-economic studies are on large-scale or district heating systems; none have 

been done for individual households. As for the economic aspect, to precisely quantify the 
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life cycle cost in terms of $ per kWh, an appropriate system design is required. A techno-

economic assessment helps understand the economic viability of an energy system and 

make reasonable comparisons with existing space heating systems.    

• No scale factor for the zeolite-based heating system has been developed. The scale factor 

indicates a system’s economies of scale and helps us understand its cost advantages at 

different capacities. Using the base case as a reference, this can help in predicting cost of 

the proposed system at different capacities.  

• Most of the studies do not include sensitivity and uncertainty analyses and hence do not 

provide information on the parameters that have the most influence on the results. Hence, 

refining the critical parameters and performing sensitivity and uncertainty analyses can 

help enhance the precision and accuracy of the results of both LCA and TEA models.   

1.4  Objectives 

The overall objective of the thesis is to develop bottom-up life cycle and techno-economic 

assessment models for zeolite 13X storage connected to solar collectors for space heating 

purposes. The main objective is met by accomplishing the following specific objectives: 

• Designing a zeolite 13X and solar thermal collector heating system with a capacity of 16 

kW of heat for 8 hours discharge.  

• Developing an LCA model to evaluate the environmental performance of the heating 

system by estimating its life cycle GHG emissions and net energy ratio. 

• Developing a techno-economic model to assess the levelized cost of energy delivery and 

the economies of scale of the zeolite-based heating system.   
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• Comparing the GHG emissions throughout the lifespan and the levelized cost of heat 

released with existing conventional heating systems. 

• Conducting detailed sensitivity and uncertainty analyses to provide insights into critical 

factors and the uncertain parameters. 

• Using the developed models to conduct a case study for Alberta, Canada. 

1.5  Scope and limitations  

Many working pairs in thermochemical storage, such as activated alumina with water and 

magnesium oxide with carbon dioxide, have been studied experimentally. This study focuses on 

designing a heating system around a commonly used working pair, zeolite 13X and water. The 

region of study is Alberta, Canada, where cold weather is present most of the year. Bottom-up 

LCA and techno-economic assessment models were developed for zeolite 13X storage connected 

to a PVT collector for space heating. Most of the data used in the models was taken from published 

sources, and some was obtained from manufactures. The main stages in the LCA are material 

extraction, production, manufacturing, operation, and recycling. The functional unit used in the 

LCA model is kWh of heat generated for space heating, and the energy and material requirements 

throughout the life cycle are translated to grams of carbon dioxide per the functional unit (g CO2 

eq/kWh). The techno-economic assessment is based on the individual equipment, which has its 

own scalable correlation. Thus, the scale factor of the whole system indicates how the investment 

cost will change relative to system capacity. The levelized cost of electricity delivery, expressed 

as $/kWh, is used a cost indicator in the techno-economic assessment. Uncertainty analysis was 

performed to capture the uncertainties in the data that led inconsistencies in studies, for instance 

in zeolite energy density or electricity grid emissions, and sensitivity analysis to understand the 
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impact of each parameter and further refine the LCA and TEA models. Different heating systems 

are compared to provide policymakers and consumers the insights necessary to make decisions.  

Assumptions made during the design phase led to certain limitations in the model. The zeolite 

storage was designed to raise the air temperature in a house from 15 to 25 oC, so a lower initial 

room temperature (e.g., below 15 oC) would shorten the duration of discharge, or the room would 

not reach 25 oC. Hence, sufficient solar irradiation is an important factor to maintain daytime 

indoor temperature above 15 oC and charge the zeolite 13X system for 8 hours of use during the 

night. Although air is a common transfer fluid for solar collectors, it was challenging to obtain up-

to-date data on solar collectors both for the LCA and the techno-economic assessments. Hence, 

the data for air solar collectors in this paper is from 2005. For this study, the current price of solar 

collectors was estimated. Moreover, it is assumed that the zeolite would be obtained in North 

America and the heating system would be assembled on the continent as well. Finally, the outputs 

of the system were evaluated based on grid emissions, electricity price, water price, and solar 

irradiation in Alberta, Canada. These parameters should be adjusted accordingly if the system is 

used elsewhere.  

1.6  Organization of the thesis 

The paper-based thesis comprises four chapters that should be read independently. The chapters 

share some common information needed for the development of the models, so repetition is 

unavoidable. The outline of the thesis is as follows: 

Chapter 1, Introduction: The chapter presents the motivation, the current status of the proposed 

technology, and general information about the study. 
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Chapter 2 describes the development of the life cycle assessment framework used to evaluate the 

energy and GHG emissions performance of space heating using zeolite 13X as an adsorbent 

material. In order to perform GHG emissions analysis, a zeolite-based heating system was 

designed to meet certain heating requirements; this designed model forms the base case of the 

research. Information from the model is used as input in developing the LCA model to quantify 

the amount of CO2 released per kWh of heat during the lifespan of the system. The energy inputs 

and outputs were used to calculate net energy ratio in order to determine the energy efficiency of 

the heating system. Uncertainty and sensitivity analyses were carried out to understand the critical 

components of the model inputs. Finally, heating systems were compared to predict the feasibility 

and competitiveness of the designed system. 

Chapter 3 presents the techno-economic evaluation of a space heating system using the adsorbent 

material zeolite 13X. A framework was developed to guide the modelling of the techno-economic 

performance of the system. The functional unit for ease of comparison is $ per kWh heat delivered. 

Investment costs from different life cycle phases provide valuable information that helps in 

estimating system costs. The economies of scale of the proposed system were developed to see 

how the cost is affected by changing production capacity. The space heating system was compared 

with other heating systems on the market to determine its competitiveness. Finally, sensitivity and 

uncertainty analyses were performed to identify input parameters that have significant impacts on 

the overall results and determine the likely range of the outputs.  

Chapter 4 summarizes the new contributions from the research and the key highlights. The main 

conclusions are shared and recommendations for future work are proposed.  
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Chapter 2 

Developing a framework to evaluate the life cycle energy and 

greenhouse gas emissions of space heating system using zeolite 13X 

as an adsorbent material 

1. Introduction 

There is growing global consensus on the adverse impacts of global warming due to anthropogenic 

greenhouse gas (GHG) emissions. More than ninety-seven percent of climate scientists agree that 

the global warming trend has a strong correlation with human activities (NASA 2020). As a global 

response, the Paris Agreement was established in order to limit the earth’s average temperature 

rise well below 2 oC (The United Nations 2016). Several pathways have been suggested to 

transform the global energy system to meet the reduction target. Among the pathways are energy 

efficiency improvement, carbon capture and storage technologies, and a shift towards renewable 

and low carbon energy sources such as bioenergy, nuclear power, and solar and wind energy 

(Kriegler et al. 2014; Rogelj et al. 2015; Child et al. 2018; Kalair et al. 2020). Renewable energy 

sources such as solar and wind are intermittent and these needs to be stored for continuous supply 

of energy. 

Heat and electricity storage systems have important roles in the decarbonization of the energy 

system as they help increase the share of renewable energy sources in electricity generation. 

Integrating thermal energy storage (TES) with renewable energy provides a viable solution to the 

intermittent nature of solar and wind energy systems by storing excess energy when there is an 

abundance and discharging when the renewable source is not available (Díaz-González et al. 2012; 

Zhang et al. 2016). Thermal energy can be contained in various media under different mechanisms 

such as sensible, latent, and thermochemical storages (Socaciu 2011; Cabeza (ed. ) 2014). Sensible 
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heat storage such as molten salts is used for electricity generation but it requires a high operating 

temperature (Thaker et al. 2017). Latent heat storage, which is still under research and 

development, has a relatively high energy density but suffers from poor heat transfer, substantial 

heat loss, and supercooling (Mehari et al. 2020). Thermochemical storage such as adsorbents does 

not require an extremely high charging temperature. Adsorbent storage integrated with solar 

collectors could be used for space heating for a home, office, or warehouse. While both adsorbents 

and solar collectors have been well studied for different applications, the combined use of the two 

for space heating purposes has not been investigated. This research, therefore, aims to provide a 

novel contribution by designing an integrated system and evaluating its environmental and 

economic performance.  

Most of the studies related to adsorbent materials focus on improving the energy density as well 

as developing models to monitor the storage performances. Hua et al. investigated the energy 

density of various adsorbent materials under low regeneration temperature and relative humidity 

(2019). The research by Lefebvre et al. synthesized new adsorbent materials and developed 

simulation models to predict the performances of adsorbents (2016). Studies by Dicaire and Tezel 

showed a high regeneration potential of adsorbents such as alumina/zeolite 13X with no loss in 

performance, which is an ideal characteristic for renewable energy storage applications (Dicaire 

and Tezel 2011, 2013). Horn et al. compared the environmental impacts of innovative materials 

for thermal storage in buildings such as phase change and thermochemical materials (2018). 

Nienborg et al. also performed a high level comparative assessment of storage materials (2018). 

Research exploring the application and environmental performance of adsorbents such as zeolite 

13X for space heating is scarce. This paper aims to fill these knowledge gaps by developing an 
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LCA framework to extensively evaluate the GHG emissions of integrating zeolite-based storage 

with air solar collectors to supply space heating in cold climates. 

A heating system is an essential part of every household in locations with cold climate. Space 

heating accounted for 61% of end-use energy and contributed the second highest GHG emissions 

in the Canadian residential sector in 2016 (Lemghalef and Sager 2019). Within same year, 

residential buildings in the world totaled to  10.9% emissions including GHG from fossil fuel 

combustion and electricity usage (Climate Watch 2016; Ge and Friedrich 2020). Forced air 

systems using a furnace and a blower fan to deliver air to rooms through a network of ducts is the 

most widely used heating system (Formisano 2019). Natural gas is the typical fuel for furnaces in 

North America and Europe, and liquid propane, fuel oil, and electricity are the main alternatives 

(Service Champions 2018). The relatively inexpensive gas furnace combined with the abundance 

of natural gas makes it affordable (Home Guide 2019). Another choice for space heating systems 

is a hot water boiler with radiator distribution, often used in less severe climates. Modern boilers 

are highly energy efficient and maintain air quality, compared to the dry air from a forced-air 

heating system (Formisano 2019). Heat pumps are also installed to provide both heating and 

cooling in places where the temperature rarely dips below the freezing point (Service Champions 

2018). Heat pumps use waste heat from the surrounding environment and are highly efficient in 

warmer climates (Formisano 2019). While economic viability is still an important factor when 

considering a heating system, environmental aspects are becoming a key measurement of the 

technology’s sustainability.  Because the residential sector is one of the demand sectors which is 

responsible for a significant portion of GHG emissions globally, it is worth looking for 

environmentally sustainable alternatives to the conventional heating systems. In this context, this 

research looks at how zeolite 13X absorbent thermochemical storage integrated with solar 
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collectors could be used for space heating in residential homes and what the GHG emissions are 

compared with the natural gas, liquid propane, fuel oil, and electricity-based furnaces widely used.  

Zeolite, a porous material made of hydrous silicates, is commonly used for adsorbents or catalysts 

including as ion-exchange water softeners, dishwasher detergents, CO2 capture, and odor control 

(Krishna et al. 2002; Jänchen et al. 2004; Jänchen et al. 2012; Schumann et al. 2012; Woodford 

2019; Sandomierski et al. 2020). It has a cage-like structure that allows water molecules to enter 

the framework and generate heat as a side product (Jänchen et al. 2004). Zeolites are grown in 

three-dimensional crystal structures as Type A or Type X (Burkes 2020). Zeolite 13X is usually 

used in air separation processes with high purity oxygen. The working pair of zeolite 13X and 

water was chosen for space heating systems because it is not toxic to humans and no additional 

chemicals are produced during operation phase. The materials with non-toxic properties are 

commonly used in different applications but the environmental concerns relating to the whole 

system involving adsorbent have not been investigated extensively.   

Tatsidjodoung et al. performed an experimental and numerical study on prototype zeolite 13X and 

water-based adsorbent for space heating (2016). A 38 oC average lift temperature with 8 hours 

discharge was achieved with an inlet air flow rate of 180 m3/hour and specific air humidity of 10 

g/kg (Tatsidjodoung et al. 2016). Similarly, Johannes et al. designed and characterized a zeolite 

thermal energy storage system that supplied 2,000 W sensible heat power for 2 hours (2015). 

Significant temperature lift can be observed in the experimental results, 38 oC with 8 hours of 

discharging (Johannes et al. 2015). Finck et al. researched a zeolite system delivering 800 W of 

heating power and found that decreasing temperature between desorption (charging) and 

condensing (discharging) from 100 K to 80 K lowered the energy density by 30% (Finck et al. 

2014). Van Alebeek et al. reported a delivered power of 4.4 kW and capacity of 52 kWh from a 
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250L of zeolite 13X system (2018). Lowering the pressure drop in the system would increase the 

thermal performance of the storage system (Van Alebeek et al. 2018). However, the environmental 

sustainability of these new systems has not been widely studied. Hence, this paper aims to fill the 

knowledge and literature gaps by developing a bottom-up LCA model to estimate the GHG and 

net energy ratio of a zeolite 13X-based thermal storage system integrated with solar thermal 

collectors for space heating. The specific objectives of the study are to: 

• Design a simulation model for space heating system using zeolite 13X and solar thermal 

collectors with a capacity of 16 kW of heat for 8 hours discharge;  

• Use an LCA framework to estimate the life cycle GHG emissions and net energy ratio of 

the heating system; 

• Perform sensitivity and uncertainty analyses to provide insights into critical factors and 

uncertain parameters which affect the life cycle GHG emissions;  

• A case of Canada, a cold climate, for implementation of this system was conducted. 

2. Method 

Figure 2.1 presents the framework developed in this research. The framework comprises a system 

review, engineering design, and environmental assessment. The system review stage involves 

defining the heating system, identifying the key components, and setting the workflow and system 

boundary. A system of interest was designed based on the existing literature and developed 

information. In this study, the heating system is designed to determine the size of each component. 

The GHG emissions is based on LCA concept. Each component of the framework is discussed in 

detail in the following section. 
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Fig. 2.1: Developed framework for the study 

2.1 System review 

Figure 2.2 illustrates the open-cycle zeolite 13X space heating system with solar collectors. The 

chosen working pair is zeolite 13X and water as both are poison-free and do not generate toxic 

chemicals during the operating phase. The heating system mainly comprises an insulated vessel, 

two fans, two humidifiers, ductwork, and solar collectors.   

There are repetitive cycles of charging and discharging during the operational phase. For the 

charging cycle, the intake air from outside the house (or inside the building) is heated by being 

passed through a heat source, solar air collectors in this case. The hot air flows through the storage 

container and evaporates water molecules attached to the adsorbent pellets. The outlet humid air 

is disposed of outside. During the discharging cycle, high humidity air at room temperature is 

passed through the adsorbent bed to extract heat from the thermal storage. As water molecules in 

the airstream form weak bonds with the adsorbent material in the storage, heat is released through 
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an exothermic reaction. The hot dry air from the outlet is used for space heating with the assistance 

of other equipment to adjust the relative humidity.  

The charging phase requires the fans (1a and 1b) as shown in Fig. 2.2, heat source, storage 

container (6), and solar collectors (4) to be on active mode. The fan regulates the air flow rate 

through the solar heat source and storage container before the air is released outdoors. All the 

devices except the heat source run during the discharging cycle. Humidifier 2a (Fig. 2.2) increases 

the relative humidity of the airstream from fan 1a to above 90%. This saturated air passes through 

the container where it absorbs heat to increase the temperature while dehumidifying the stream. 

Fan 1b and humidifier 2b are used to modify the hot dry air from the adsorbent bed to a comfortable 

heat level distributed to rooms.  

Fig. 2.2: Heating system 

 

 

1: Fans 

2: Humidifiers 

3: Heating space 

4: PVT air solar collectors 

5: Duct network 

6: Zeolite 13X vessel 

7: Mixing unit 
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2.2 Engineering design 

2.2.1 Design inputs and assumptions 

A detached home with 1200 to 1500 square feet built before 1980 would need a gas furnace with 

a capacity of 55,000 British thermal units (BTUs) per hour (or 16 kW) (Furnace Depot 2016). 

Hence the base case system is sized to deliver 16 kW of heat for 8 hours. With the relative humidity 

and temperature of the hot airstream (stream 1) and the desirable qualities of the output to the 

rooms (stream 3), the relative humidity of stream 2 and the flow rate of each inlet stream can be 

calculated through the adiabatic mixing rules described in Eq. 1 and the psychrometric chart 

(Balmer 2011; Mugdha 2019). The recommended temperature is between 16 oC and 19 oC during 

the daytime when the system is on standby mode and the house is not occupied. Airstream 2 is 

chosen with the conservative 15 oC as the initial indoor inlet air temperature. The comfortable 

temperature for living is around 21-22 oC so the distributing air (airstream 3) is designed to have 

the ability to reach 25 oC from an initial temperature (input temperature) of 15 oC (Direct Energy 

2020). The design is to accommodate the maximum capacity, but daily use would not require the 

system to operate at its maximum. 

 
𝑚1

𝑚2
=

ℎ3 − ℎ2

ℎ1 − ℎ3
=

𝑤3 − 𝑤2

𝑤1 − 𝑤3
 Eq. 1 

m is the mass flow rate in kg/s, h is the enthalpy in kJ/kg, and w is the humidity ratio (g/kg). The 

subscripts 1, 2, and 3 represent incoming streams 1 and 2 and the resulting stream 3, respectively, 

as described in Fig. 2.2.   

The adsorbent storage volume (m3) is estimated by considering the required total energy output 

and the energy density of the adsorbent. Zeolite 13X is assumed to have an energy density of 154 
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kWh/m3 (Dicaire and Tezel 2013). The energy density range found in the uncertainty analysis is 

discussed in Section 3.3 for all the recorded zeolite 13X values from the literature.  

The dimensions of the storage vessel are evaluated based on adsorbent volume and L/D. The total 

length of the duct system, which includes the connections between all the main components and 

additional ducts connected to the solar system, is designed to keep the pressure drop to less than 

0.1 inch of water per 100 feet. The length of the duct system depends on the usable area, which 

was assumed to be 124 ft for a 1350 sq ft house. The Colebrook-White Equation (A3 in Appendix) 

and the Darcy laminar friction factor (Eq. A4 in Appendix) are used to find the friction factor of 

the airstream in the ducts when the flow is either turbulent (when the Reynolds number is above 

2,000) or laminar (Toth and Bobok 2016).  

The pressure drop value through a spherical packed bed was calculated from the Ergun’s equation 

(Eq. A6 in Appendix) (Coker 2014). Equation A6 requires dynamic viscosity (µ), which is 

provided by Sutherland’s Equation A5 in Appendix (Montgomery 1947). The significant head loss 

from the pipe is addressed through Equation A7 in Appendix with additional gravitational 

acceleration parameters (McDonald and Magande 2012). With the known flow rates and total 

pressure drop, we assessed the motor power of both fans using Equation A13 in Appendix 

(Engineering ToolBox 2003). For the humidifier, the total water mass flow rate required to saturate 

the air was found through the actual air flow rate needed and the saturated vapor density (Eq. A14 

in Appendix) (Nave 2017). To determine the power consumed by the humidifiers, we developed 

a correlation by collecting capacity and power rating data from vendors (Fig. A1 in the Appendix). 

From the figure, Eq. 2 was established with 6 data points between 10 kg/hr to 72 kg/hr flow rate 

and is used to approximate the power rating (in W) that is needed. The operating temperature of 
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the humidifier is assumed to be 20 oC, which is the average temperature of airstream 2 (inlet) and 

airstream 3 (outlet). Table 2.1 shows all assumptions and reference values for model inputs.  

 

Table 2.1: Input parameters for the designed model 

COMPONENT  Parameter  Value  Units   Reference/Comments 

Stream 1  Air temperature  50  oC   (Dicaire and Tezel 

2011) 

  Relative humidity   0  %   (Dicaire and Tezel 

2011) 

Stream 2  Air temperature  15  oC   The temperature on 

the low side when 

people are absent from 

the house before the 

furnace starts 

Stream 3  Air temperature  25  oC   The high-end house 

temperature for 

comfort.   

  Relative humidity  35  %   (Unsdorfer 2015) 

Adsorbent energy 

density 

 Zeolite 13X  154  kWh/m3   (Dicaire and Tezel 

2013) 

  Zeolite density  704  kg/m3   (Nienborg et al. 2018) 

  Porosity  0.4     (Lefebvre et al. 2016) 

  Pellet diameter  0.01  m   (Lefebvre et al. 2016) 

Hot air properties  Dynamic viscosity  0.01963  cP   (Montgomery 1947) 

  Density  1.2461  kg/m3   (Engineering ToolBox 

2004) 

Container/Vessel  Allowance for 

Corrosion 

 0.003  m   (Sőlken ; Wadkar et 

al. 2015) 

  Maximum 

allowable working 

pressure 

 103000  kPa   (CIS GmbH 

Consulting Inspection 

Services 2020) 

  Efficiency of joints  0.8     (Peters et al. 1968) 

Ductwork  Roughness  0.0005  ft   (Engineering ToolBox 

2003) 

  Length  124  ft   Ductwork length 

varies. A small- to 

average-size house 

would have the 

assumed length. 

Fan  Efficiency  50  %   (Engineering ToolBox 

2003) 

 𝐻𝑢𝑚𝑖𝑑𝑖𝑓𝑖𝑒𝑟 𝑃𝑜𝑤𝑒𝑟 𝑅𝑎𝑡𝑖𝑛𝑔 = 50 ∗  𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐹𝑙𝑜𝑤𝑟𝑎𝑡𝑒 Eq. 2 
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COMPONENT  Parameter  Value  Units   Reference/Comments 

Humidifier  Operating 

temperature 

 20  oC   The average of the 

high and low 

temperature range of 

the house 

Thermal 

conductivity 

 Galvanized steel  18  W/mK   (Bennaji et al. 2010) 

  Fiberglass  0.040  W/mK   (Hammond 2008) 

 

The thickness of the container (t) is estimated by taking into account allowance for corrosion (Cc,) 

maximum allowable internal pressure (P), inside radius (ri), maximum allowable working stress 

(S), and efficiency of joints (Ej), as described in Equation A15 in Appendix, derived from Peters 

et al. (Peters et al. 1968). The gage of the ducts is assigned according to the recommendation gage 

for circular ducts for heating and general ventilation work (Engineering ToolBox 2008). The 

insulation thickness of the duct and container are designed with a maximum heat loss of 5%. This 

prevents the rooms closest to the furnace from overheating and insufficient heat being delivered 

to the further rooms. Reducing the charging temperature results in less energy stored (Finck et al. 

2014). Hence, a 20% margin of safety on sizing zeolite volume is considered to ensure sufficient 

heat is produced and provide compensation for heat loss during the operating phase while not 

overheating the house.  

Knowing the maximum energy can be stored in the adsorbent, we calculated the solar collector’s 

area required to provide on average the minimum energy to fully charge the storage system daily. 

In this paper, the solar collector is assumed to harvest 806 kWh/m2 per year (Tripanagnostopoulos 

et al. 2006). The assumption is based on the fact that the solar potential in Alberta, Canada, a 

jurisdiction with cold climate, is relatively similar to Italy’s, where Tripanagnostopoulos et al. 

conducted a solar collector experiment (Global Solar Atlas v2.2 2020). The GHG emissions from 

the solar system, therefore, are estimated from the quantity used from the solar collector. 
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2.2.2 Simulation model outputs 

To provide 16 kW of heat for 8 hours, a 1 m3 container 3.7 mm thick is required. Only two pieces 

of equipment, fans and humidifiers, consume electricity during the operating phase. Large capacity 

humidifiers are needed to either boost relative humidity to above 90% during discharging mode or 

control the relative humidity to the room. The power ratings of humidifiers 2a and 2b are 0.68 kW 

and 1.13 kW, respectively. Small fan motors (0.23 kW and 0.08 kW) are needed to overcome the 

total pressure and to provide the desirable output flow rate. The capacity of the fan depends heavily 

on the size of the zeolite pellets. Table 2.2 lists additional outputs obtained from the simulation 

model. All of the main components have relatively small footprints, so it is feasible to fit the 

heating system in a conventional furnace room. 

Table 2.2: Output from the simulation model 

COMPONENTS  PARAMETER  VALUE  UNITS 

Stream 1  Volumetric flow rate  0.2933  m3/s 

Stream 2  Volumetric flow rate  0.5594  m3/s 

  Relative humidity   89 %   

Zeolite   Volume  1.005  m3 

Container/Vessel  Diameter  1.086  m 

  Length  1.086  m 

  Pressure drop  250.22  Pa 

  Thickness  0.00370  m 

Fan  Total pressure loss  1.42  in of water 

  Fan 1 power rating  0.30  HP 

  Fan 2 power rating  0.12  HP 

Humidifier  Humidifier 1 capacity  13.7  kg/hr 

  Humidifier 1 power rating  683.0  W 

  Humidifier 2 capacity  20.4  kg/hr 

  Humidifier 2 power rating  1129.3  W 

Insulation  Thickness  0.015  m 

Solar collectors  Total area needed  38.9  m2 
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2.3 Life cycle assessment of the storage system 

LCA, according to the International Organization for Standardization (ISO) guidelines and 

framework, is an environmental framework used to evaluate life cycle GHG emissions and net 

energy ratio (International Organization for Standardization 2006a, 2006b). LCA has four phases: 

goal and scope definition, inventory analysis, impact assessment, and interpretation. Each phase is 

equally important and should be clearly defined for meaningful comparisons as well as further 

research purposes.  

The overall objective of this study’s LCA is to develop a bottom-up model to understand the GHG 

emissions and net energy performance of zeolite 13X-based thermal storage in a residential space 

heating application. Such an assessment will provide insights into the use of solar-integrated 

adsorbent as an environmentally sustainable alternative to the conventional heating systems 

available in the market. 1 kWh of heat generated from zeolite storage is considered the functional 

unit. The functional unit is the reference unit to which all input and output requirements are 

normalized. It is used as a base to have a meaningful comparison among different technologies 

with the same function. GHG emissions and net energy ratio are the environmental indicators.  
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Fig. 2.3: System boundary diagram 

 

Figure 2.3 depicts the system boundary considered for the life cycle assessment. The system 

boundary includes material extraction, manufacturing, transportation, operation, and end of life 

(recycling). Energy and material requirements at each stage of the life cycle are estimated and 

translated into GHG emissions. Resource extraction considers the emissions of equipment and fuel 

needed to extract ore from mines and on-site washing to remove impurities. Material production 

emissions occur in the refinery where raw materials needed for equipment are produced through 

chemical reactions, melting, and so on. The installation process includes the assembly or shaping 

of materials to produce a device. Emissions from fuel consumption, i.e., fossil fuel combustion, 

are considered in the operation stage. Finally, the disposal process involves mainly the recycling 

of materials. Assigning recyclable material GHG emissions a value from 0% to 100% in the 

sensitivity and uncertainty analyses generates a range of GHG emissions results for the system, 

should the material be recycled.  
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2.3.1 Inventory analysis 

Inventory analysis involves input and output data compilation and calculation at each stage of the 

life cycle of the product system. Energy inputs are heat from fossil fuels, petroleum, electricity, 

and solar heat. Material requirements are materials used to make each component and include steel 

(galvanized steel, carbon steel, and stainless steel), aluminum, zeolite 13X, fiberglass, and water. 

During discharging, electricity is required for the adsorbent storage system. The upstream 

emissions for electricity production are considered based on the grid mix. The outputs of the 

system are heat for space heating and water vapour in the air to regulate the humidity. Table 2.3 

lists the main materials used in each component. The data is based on engineering design and from 

vendor listings. 

Table 2.3: Material inventory list for a system of capacity 16 kW 

Components Materials Weights (kg) Notes/Comments 

Vessel Carbon steel 156.3 The thickness, from 

Eq.  A15 in the 

Appendix, and the 

density of material 

were used to 

calculate the weight 

Storage core Zeolite 13X 424.4 With the output 

energy and energy 

density of zeolite, 

we obtained total 

weight of zeolite. 

Duct network Galvanized steel 126.5 A similar 

calculation to the 

vessel but with a 

chosen gauge for 

ductwork and the 

density of steel  

Humidifier 2a Stainless steel 22 We used the 

correlation 

developed in Figure 

A3  
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Components Materials Weights (kg) Notes/Comments 

Humidifier 2b Stainless steel 37 We used the 

correlation 

developed in Figure 

A3  

Fan 1a Stainless steel 5.79 We used the 

correlation 

developed in Figure 

A2 and a 

percentage 

allocation for the 

materials  

Aluminium 1.45 

Fan 1b Stainless steel 1.26 We used the 

correlation 

developed in Figure 

A2 and percentage 

allocation for the 

materials 

Aluminium 0.32 

Dampers and Valves Galvanized steel 3.22 We used the 

correlation 

developed in Figure 

A4 

Insulation Fibreglass 15.5 The thickness and 

insulation weight 

were evaluated 

assuming 

percentage heat 

loss  

 

Once the sizes of the heating system components were known, we constructed the LCA model to 

reflect the environmental footprint of the system. Most of the global warming potential (GWP) 

emissions data was obtained from the literature and the rest from other sources with regional 

modifications to account for the fact that the system is used in North America. We segregated each 

piece of equipment by material in order to perform a bottom-up GHG emissions assessment. The 

solar air collector system was evaluated separately and integrated directly into the designed model. 

Regression correlations for the fans and the humidifiers were developed to obtain their weights 

(Figs. A2 & A3 in Appendix). Since the construction material of the humidifiers is mostly stainless 
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steel (according to the vendor listings), we assumed 100% of the equipment was stainless steel by 

weight. For fans, the materials vary greatly by type, capacity, and scenario. Therefore, this study 

assumes the fans are 80% stainless steel by weight and the rest is aluminum. The percentage can 

be varied in the uncertainty analysis to change the results. 

Table 2.4: Emissions from materials and grids 

 

Dampers and valves weights are evaluated using correlations taken from information from 

commercial products. The correlation between weight and diameter of a damper was obtained from 

various vendor data and is given in Fig. A4 in the Appendix. The life of the system is considered 

to be 20 years because it is recommended that a regular gas furnace be changed after about that 

length of time (Petro Home Service 2020; Sedgwick 2020; Tonkens 2020). The GHGs considered 

during the lifespan are those emitted throughout the whole process from manufacturing the 

materials, the assembly process to create devices, the transportation, and the electricity 

consumption during the use phase. The recycle phase can be considered by varying the proportion 

of virgin material and recycled material.  

MATERIALS  VALUE  UNITS  REFERENCE NOTES 

Galvanized steel  3163.7  gCO2 eq/kg  (Wang 2018)  

Aluminum  6828.5  gCO2 eq/kg  (Wang 2018)  

Stainless steel  2068.1  gCO2 eq/kg  (Wang 2018)  

Carbon steel  2984.2  gCO2 eq/kg  (Wang 2018)  

Zeolite 13X  5738.9  gCO2 eq/kg  (Horn et al. 2018; 

Nienborg et al. 2018) 

This value is adjusted with 

Alberta grid emission 

Fiberglass  1350.0  gCO2 eq/kg  (Hammond 2008)  

Alberta grid 

emissions 

 163.8  gCO2 eq/MJ  (Heaps 2012)  

Germany grid 

emissions 

 90.3  gCO2 eq/MJ  (ElectricityMap Live 

2019) 

The emissions are used to 

adjust material production 

emissions 

Fuel (diesel)  86373.72  gCO2 eq/mmBTU  (Wang 2018)  

Solar collectors 

(GWP100) 

 397  gCO2  eq/m2  (Tripanagnostopoulos 

et al. 2006) 

This value is adjusted with 

Alberta grid emission 
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2.3.2 Net energy ratio  

The net energy ratio is the ratio between total energy output and total non-renewable energy input 

(calculated through Eq. 2). For thermal energy storage, it is a measure of total useful heat generated 

per unit of fossil fuel input (Miller and Kumar 2013; Kapila et al. 2019). The value represents how 

efficient the storage system is compared to other technology and how much energy gain the storage 

provides. If the value is less than 1, the system releases less energy than the total non-renewable 

energy that is put into it. Therefore, storage that works well with renewable energy sources would 

have much better NER than other storage systems. If the value is greater than 1, the system is 

providing more useful energy output than the total non-renewable energy input.   

 𝑁𝑒𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 𝑅𝑎𝑡𝑖𝑜 (𝑁𝐸𝑅) =  
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡

𝑁𝑜𝑛 − 𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡
 Eq. 2 

The non-renewable energy value required to produce common metals and transportation fuel (e.g., 

galvanized steel, stainless steel, aluminium, diesel) was collected from the literature. The energy 

consumption to produce 1 kg of zeolite 13X in this simulation is 66 MJ/kg, which is the average 

number of non-renewable primary energy values obtained from Nienborg et al. and Horn et al.. 

The energy requirement to make 1 kg of insulation is 19.7 MJ/kg (Schmidt et al. 2004). 

2.3.3 Sensitivity and uncertainty analyses 

Sensitivity analysis helps the user find input parameters that have great effects on the outcomes 

and uncertainty analysis provides a range of likely outcomes from the given input ranges. The 

model uses the Morris sensitivity analysis to determine the most sensitive input data (Di Lullo et 

al. 2020). Uncertainty analysis is performed by running a Monte Carlo simulation up to a hundred 

thousand times, depending on the accuracy needed. The simulation helps to point out the most 

likely scenario for the chosen base case. The precise and accuracy of a single point estimate is 
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always a concern when developing new technology and, hence, uncertainty analysis would provide 

a more realistic range with high confidence for investors or policymakers to consider.  

Table 2.5 presents the ranges of input parameters used in the uncertainty analysis. Other studies 

give different energy densities of zeolite 13X and zeolite systems because of the different 

conditions when charging and discharging the storage. The range recorded in published studies is 

between 106 and 250 kWh/m3 (Gantenbein et al. 2001; Dawoud et al. 2007; Hauer 2007; Scapino 

et al. 2017a, 2017b). Laboratory experiments were performed with L/D of 0.1 to 2.8 (Ugur 2013; 

Kuznik et al. 2020). Another physical property of zeolite 13X that can affect the model outcome 

is the pellet diameter. The upper range of 3 mm to 8 mm was chosen because the small diameter 

would increase the pressure drop and the power rating of the equipment in the system (Zhengzhou 

Gold Mountain Science and Technique Co. Ltd 2019). Depending on the condition of the 

galvanized steel duct system, the roughness of the inside surface could range from 0.0001967 to 

0.0009836 ft (Ratnayaka et al. 2009). The range of duct length is generated by adding and 

subtracting a margin of safety from the developed correlation between the usable area and the duct 

length. Here, a safety factor of 20% was chosen conservatively compared to the error from the 

model with the collected data (less than 5% error). Although fan blower efficiency can be  higher, 

in this study, the fan efficiency was varied between 40% and 84% (Brendel 2010; Mathson and 

Ivanovich 2011). The fan can be made from many material, including steel, aluminium, and zinc. 

The construction materials chosen here are steel and aluminium and the percentage contribution 

of each was varied to see the influence on the results (Air Turbine Propeller Co. 2015). The GHG 

emissions provided in papers by Horn et al. and Nienborg et al. were used to form a possible range 

of zeolite 13X emissions (Horn et al. 2018; Nienborg et al. 2018). As for the electricity mix, the 

high end of the emissions range is from using more than 95% coal-fired electricity and the lower 
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end is the average Canadian electricity emissions from all provinces in 2013 (U.S. Energy 

Information Administration ; Bull Frog Power 2015; Sharp 2019). The energy harvest is based on 

the solar potential and the efficiency of the solar collector. The lower limit is the same efficiency 

and solar potential as Italy’s and the upper limit is the lowest daily average in the year in Alberta, 

Canada (Tripanagnostopoulos et al. 2006; Athaudage Dona 2014). 

Table 2.5: Sensitivity and uncertainty inputs 

Variables Min Max Unit Reference/Comments 

Zeolite energy density 106 250 kWh/m3 (Gantenbein et al. 

2001; Dawoud et al. 

2007; Hauer 2007; 

Scapino et al. 2017a, 

2017b) 

Length-to-diameter ratio 0.1 2.8  (Ugur 2013; Kuznik et 

al. 2020) 

Zeolite pellet diameter 0.003 0.008 m (Zhengzhou Gold 

Mountain Science and 

Technique Co. Ltd 

2019) 

Pipe roughness 0.06 0.03 mm (Ratnayaka et al. 2009) 

Length of duct system 30.4 44.5 m Assumed 
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Variables Min Max Unit Reference/Comments 

Fan efficiency 40% 84%  (Brendel 2010; 

Mathson and 

Ivanovich 2011) 

Percentage of aluminium 

Fan 1a 

0% 100%  (Air Turbine Propeller 

Co. 2015) 

Percentage of aluminium 

Fan 1b 

0% 100%  (Air Turbine Propeller 

Co. 2015) 

Zeolite 13X emissions 6454.2 6520.8 gCO2 eq/kg (Horn et al. 2018; 

Nienborg et al. 2018) 

Alberta grid emissions 50 266.5 gCO2 eq/MJ (U.S. Energy 

Information 

Administration ; Bull 

Frog Power 2015; 

Sharp 2019) 

Solar collector potential 806.5 1000 kWh/m2-yr (Tripanagnostopoulos 

et al. 2006; Athaudage 

Dona 2014) 
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3. Results and discussion 

3.1 Life cycle GHG emissions phases 

Figure 2.4 presents the GHG emissions of the heating system by life cycle stage. The system 

generates 0.127 kgCO2 eq per kWh (heat). The operational phase has the largest emissions 

Variables Min Max Unit Reference/Comments 

Transportation distance 1100 5000 km Assumed.  The lowest 

value in the 

transportation range is 

the distance from 

Alberta, Canada to 

British Columbia, 

Canada (Canada’s 

west coast) and the 

highest is the stretch 

between Alberta and 

Newfoundland, 

Canada (Canada’s east 

coast). This is an 

assumption to show 

the range of distances 

of transportation. 
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contribution, approximately 71% of the total. Humidifier and fan electricity consumption along 

with high intensity grid emissions make up the highest share. The results are consistent with other 

studies on fans and similar motors, which show the operation phase contributes as much as 98.5% 

of the GHG emissions while production, distribution, and end of life contribute 1.4%, 0.02%, and 

0.06%, respectively (Andrada et al. 2012; Orlova et al. 2016). The material extraction and 

component manufacturing stages account for around 28% of the total GHG emissions. The main 

contribution is from the material and energy requirements to manufacture the solar collectors 

(roughly 23%) and adsorbent bed (5%). The photovoltaic (PV) modules, heat recovery unit glaze, 

and reflectors account for 67%, 19%, and 7% of GHG emissions from the solar collector system 

(Fu et al. 2015). More specifically, PV cells and glazed covering are the key contributors to the 

high emissions number of the PV module component. A brief study showed that the production 

process of solar-grade poly-Si makes up approximately 50% of PV cell GWP due to intensive 

electricity and steam consumption (Fu et al. 2015). Improvement in these areas would substantially 

reduce the overall emissions from the whole heating system. With respect to the adsorbent bed, 

the largest impact is from the fabrication of zeolite 13X due to high electricity consumption. 

Acquiring sodium silicate makes up the largest share in the extraction stage (Seo et al. 2019). Some 

studies pointed out that zeolite 13X is not affected by charging cycles, which could potentially 

improve the environmental performance of the material. More studies need to be conducted to 

understand the lifetime, charging/discharging properties, and recyclable characteristics of this 

material. The recycling of zeolite was assessed through a range of GHG emissions values in the 

sensitivity and uncertainty analyses. However, it was found that the recycling process does not 

have a great impact on the GHG emissions per unit heat generated (the values can be seen in 

sensitivity and uncertainty analyses results below). Steel manufacturing makes a large contribution 
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to GHG emissions through the basic oxygen furnace (including ladles and casters), the main energy 

and GHG emissions intensive process. Although recycled steel has lower GHG emissions than 

virgin steel (Wang 2018), the overall influence in the life cycle of a zeolite space heating system 

is insignificant since the relative contribution of steel is small. The life cycle GHG emissions from 

assembly and transportation are negligible. 

 

Fig. 2.4: Life cycle GHG emissions 

 

3.2 Environmental performance of the zeolite heating system in several provinces 

Since the highest life cycle GHG emissions are due to electricity consumption during the 

operational phase, it is worth considering how the outcome (gCO2 eq/kWh) could be sensitive to a 

change in the source of electricity, i.e., when the heating system is used elsewhere. Figure 2.5 

shows the relative GHG performances of the zeolite 13X-based heating system in several Canadian 
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provinces. The greatest impact occurs when the heating system is used in GHG-intensive regions 

(i.e., Alberta, Nova Scotia, and Saskatchewan). Electricity generation in those provinces is heavily 

dependent on fossil fuel. The electricity grid in Alberta, a western province in Canada with a large 

fossil fuel-based energy source, emits the highest GHG emissions per kWh in Canada. This is due 

to the high dependence on fossil fuel, especially coal, which provides affordable and constant 

electricity supply to energy-intensive industries and large consumer demand. Manitoba, British 

Columbia, Ontario, Quebec, and Newfoundland and Labrador have very low electricity grid 

emissions. For example, when the zeolite 13X heating system is used in Quebec, the life cycle 

GHG emissions could be as low as 32.5 gCO2 eq/kWh, almost four times lower than using the 

same system in Alberta. In this case, the material production stage has the largest share of life 

cycle GHG emissions and hence it is the area to focus on to further improve environmental 

performance. The Canadian government is planning to phase out coal by 2030, which would 

greatly impact the grid GHG emissions factor for fossil-dominant provinces such as Saskatchewan, 

Alberta, and Nova Scotia (Environment and Climate Change Canada 2018). For instance, if 

Alberta’s grid GHG emissions fall from 589.8 gCO2 eq/kWh in 2018 to 359 gCO2 eq/kWh in 2030 

(Heaps 2012), the life cycle GHG emissions from the proposed system would decrease by 30%. 

This signifies the importance of selecting suitable space heating systems for an existing grid mix 

and considering regional factors before implementing new technologies.  
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Fig. 2.5: Base case with different provincial grid emissions in Canada 

 

3.3 Environmental performance of various heating systems 

It is also important to compare the environmental impacts of the zeolite 13X heating system with 

other furnaces that are available on the market and have been studied. Yang et al. researched the 

environmental performance of the electric boiler, gas-fired boiler, electric furnace, and gas-fired 

furnace in Quebec (2008). To assess the sustainability of these systems in Alberta, we adjusted the 

results from Yang et al.’s paper by applying the Alberta grid emissions to all the space heating 

systems studied here. The results are presented in Fig. 2.6. In Yang et al.’s paper, the electric boiler 

and electric furnace are preferred in Quebec because of their low emissions during the operating 

phase, which lead to low overall GHG emissions. However, in Alberta and Saskatchewan, these 

same heating systems performed the worst environmentally. As Fig. 2.6 shows, surprisingly, the 
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gas furnace performs much better than the electric furnace, and the adsorbent system is the best of 

all the systems. This once again confirms the importance of heating system selection based on grid 

emissions.  

Fig. 2.6: GHG emissions comparison among different heating systems 

 

3.4 Net energy ratio 

As mentioned, the NER is an important indicator for renewable energy systems. The net energy 

ratio of the zeolite 13X heating system is approximately 3.2, which means that every 1 kWh of 

fossil fuel input, the designed system generates 3.2 kWh of heat energy for use. An NER higher 

than 1 indicates that the system is a net energy producer. The relatively large NER of the system 

is due to the use of a clean energy source, solar irradiation, for the charging process. The main 

non-renewable energy input, which makes up the largest share, is Alberta’s grid electricity, used 

by the electric fans and humidifiers during the operating stage. The energy performance of the 
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heating system can be improved further by using a cleaner electricity mix. A zeolite 13X-based 

heating system has a higher NER than the low temperature geothermal installation, which has an 

NER of nearly 2 (Arrizabalaga et al. 2012). However, the NER of renewable technologies such as 

a solar water heating installation (NER = 4 to 16) or a photovoltaic installation (NER = 4) has a 

great advantage over energy generation compared to the proposed system (Battisti and Corrado 

2005; Fthenakis and Alsema 2006). Colclough and McGrath reported an NER of 5 for solar-based 

domestic hot water (DHW) and 3.6 for a large-scale solar-based DHW and space heating system 

(2015). The study also showed that integrating aqueous seasonal thermal energy storage or a PV 

solar array to a heating system results in lower NERs, 2.5 and 2.4, respectively (Colclough and 

McGrath 2015). The zeolite 13X heating system, hence, appears to have a relatively higher energy 

performance than other renewable energy systems.  

 

3.5 Sensitivity and uncertainty analysis 

Figures 2.7 and 2.8 present the sensitivity analysis results for GHG emissions and NER, 

respectively. The L/D of the zeolite vessel and grid electricity emissions profile are the parameters 

that most influence the overall system GHG emissions. A small change in the L/D could contribute 

to a significant change in the sizing of the fans and humidifiers. These are the devices with the 

largest impact because they consume electricity during their operating lifetime. Electricity grid 

emissions, hence, are also an important parameter with a great influence on the output. Pellet 

diameter and fan efficiency are sensitive parameters since more powerful motors are needed to 

overcome the internal pressure drop in the system. The last sensitive parameter worth mentioning 

is the energy density, which determines physical dimensions and weight. With higher energy 

density, less material is needed to pack the same amount of required heat. Pellet diameter and L/D 
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are the inputs with greatest influence on the output of the NER (Fig. 2.8). These parameters are 

properties of the storage that determine the size of each piece of equipment in the system. Energy 

density and fan efficiency are also crucial parameters that affect the output results.  

Figure 2.9 displays the range of emissions following a Monte Carlo simulation with 100,000 runs. 

With a 90% confidence interval, the life cycle GHG emissions value ranges from 90.1 g CO2 

eq/kWh to 205 g CO2 eq/kWh. Even the high end of the range for the space heating model (205 

gCO2 eq/kWh) is a very competitive system environmentally compared to the gas furnace and the 

electric boiler. The simulated mean value of GHG emissions and the most probable value are 141 

gCO2 eq/kWh and 138 gCO2 eq/kWh. As for the NER (Fig. 2.10), the uncertainty assessment result 

has a narrower range, 2.26 to 3.36 with a 90% confidence interval. The mean and the probable 

values are about 2.93, and 3.0, respectively. It is certain that the attachment of energy storage to a 

renewable source such as solar collectors would result in positive energy return.   

Despite some successful initial results, there are some limitations to this study. First, the proposed 

system was designed based on engineering principles without performing real experiments. Some 

aspects of the real system cannot be foreseen. Second, the desorption of zeolite from the heat 

generated by the sun should be researched to quantify the actual energy density zeolite can achieve. 

Finally, further studies are needed to assess the environmental impact and the efficiency of air 

solar collectors for space heating because of the limited information available on such systems. 
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Fig. 2.7: Morris sensitivity analysis for space heating system emissions 

 

Fig. 2.8: Morris sensitivity analysis for space heating system NER 
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Fig. 2.9: Uncertainty analysis for the emissions per kWh 

Fig. 2.10: Uncertainty analysis for the NER 
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4. Conclusion 

Increased energy demand poses a significant environmental burden because of high fossil fuel use. 

There is a need to shift to clean energy technologies such as solar and wind. The role of heat and 

electricity storage systems in increasing the share of solar and wind energy and decarbonizing the 

global energy system has been widely acknowledged in scientific literature. The space heating 

sector is one of the highest GHG emissions contributors and hence environmental measures are 

required in the sector. Alternative pathways to reduce space heating GHG emissions include 

thermal energy storage integrated with solar energy, which could be used in residential homes, 

offices, or warehouses. The overall objective of this study is to develop a framework to evaluate 

the energy and GHG emission performances of zeolite 13X-based adsorbent integrated with air 

solar collectors to supply space heating in cold climates and conduct a case study for Canada. The 

framework integrates engineering system design and life cycle assessment. The designed 16 kW 

adsorbent storage would generate around 128 g CO2 eq per kWh of heat supplied over a 20-year 

lifetime. The GHG emissions and the NER values would likely to fall in the ranges of 90.1-205.4 

g CO2 eq per kWh and 2.26-3.36, respectively, with a 90% confidence interval. The highest share 

of the life cycle GHG emissions and total energy input in the system comes from the electricity 

requirement during the operating phase. Therefore, the carbon intensity of the electricity grid has 

a great impact on the environmental performance of the system. The Canadian government’s plan 

to phase out coal would make the zeolite 13X system more favorable, given its lower grid 

emissions, in the future. The adsorbent system would emit the lowest GHGs over the lifetime even 

at its high-end value compared to the electric boiler and gas furnace in provinces with high grid 

emissions. The adsorbent L/D, electricity emission factor, and pellet diameter are among the most 

sensitive parameters in terms of both GHG emissions and NER. The key observation from the 
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study is that adsorbent storage using a solar heat source for space heating is an environmentally 

promising technology. The information developed in this study would be useful for industry and 

government in making investment decisions and policy formulation. 
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Chapter 3 

Developing a techno-economic model to evaluate the cost 

performance of a zeolite 13X-based space heating system  

1. Introduction 

Renewable energy installation capacity has been growing substantially over the years and now 

makes up three-quarters of the new installation capacity around the world (International 

Renewable Energy Agency 2020). However, renewable energy has faced several economical, 

social, and technological challenges (Lu et al. 2020). One of the common geographical barriers in 

the use of renewable energy such as solar and wind is intermittent supply, a result of, for example, 

the unpredictability of solar irradiation and wind speed. Storage technology is a promising solution 

to resolve the intermittency problem. Thermal energy storage (TES) can store excess heat for a 

long period of time with minimal loss of energy to the surrounding environment (Prieto et al. 

2016), thus it has been widely investigated as a means of providing excess industrial sector energy 

to the residential sector. Space heating is one of the highest contributors to greenhouse gases 

(GHGs). Hence there is a need to develop a feasible solution such as thermal energy storage 

connected to solar collectors.  

A space heating system is an essential part of buildings in cold climatic regions like Canada and 

major parts of the US. Forced air is the most popular space heating system on the continent; it uses 

a furnace and a blower fan to deliver conditioned air to rooms through a duct network (Formisano 

2019). Natural gas is widely used as an energy source; other fuels like liquid propane, fuel oil, and 

electricity are less popular (Service Champions 2018). A natural gas forced air system is 

commonly used because its design is simple and it uses cheap fuel (Home Guide 2019), but it emits 

large amounts of GHG emissions while it is operating. In 2016, space heating accounts for more 
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than 60% of the energy consumption in residential appliance energy use, making it the second 

largest contributor to GHG emissions in Canada (Lemghalef and Sager 2019; Natural Resources 

Canada 2020). Globally, residential buildings accounted for 10.9% total emissions due to fossil 

fuel combustion and electricity usage in 2016 (Climate Watch 2016; Ge and Friedrich 2020). Other 

space heating systems, electric boilers, and heat pumps have better environmental performance 

but are not as versatile as a natural gas furnace (Nitkiewicz and Sekret 2014; Craig 2019). 

However, regional factors such as provincial regulations and available resources facilitate the use 

of specific space heating systems. The GHG emissions from the space heating systems could be 

reduced if these are based on renewable energy sources like solar energy integrated with energy 

storage systems.  

A thermochemical heat storage system using adsorbent material like zeolite not only stores heat 

for seasonal use but has a lower energy density than other thermal storage systems such as latent 

heat (Kylili and Fokaides 2016). Zeolite comprises hydrous silicates, which are commonly used 

as adsorbents or catalysts in different applications including ion-exchange water softeners, 

dishwasher detergents, CO2 capture, and odor control (Woodford 2019). Zeolite 13X has a cage-

like structure that allows it to capture water molecules and generate heat as a product (Jänchen et 

al. 2004). Type A and X are the two categories of zeolite, classified based on the compound’s 

three-dimensional crystal structure (Burkes 2020). The working pair of zeolite 13X and water is 

chosen for residential thermal storage because no harmful product is generated during the 

operating phase and the substances are stable at a wide range of temperatures.  

The concept of adsorbent thermochemical storage has been around for a long time, but current 

research on the use of zeolite-based adsorbent for space heating systems has three major gaps. 

First, most studies on zeolite 13X modules are in the experimental stages and mainly aim to 
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understand the physical and chemical characteristics and key parameters; these do not suggest how 

to integrate the storage system into the space heating system. Finck et al. experimented with a 3 

kWh traction control system (TCS) module, focussing on space heating with a temperature lift of 

20 K (2014). Van Alebeek et al. designed 4 separate segments with 62.5 L of zeolite each to 

understand how to use the sorption TCS for a household (2018). The module delivered 4.4 kW 

power with a total stored energy of 54 kWh. Zettl et al. conducted an experimental study with 

zeolite in a rotating reactor. The temperature lift of process air is up to 36 K with approximately 

12 kWh of stored energy in 50 kg of zeolite (2014). de Boer et al. developed a 150 kg zeolite 13X 

prototype to verify the feasibility of a long-term TCS and the capacity to deliver thermal energy at 

temperatures useful for domestic application (2014). However, sustainability of the proposed 

technology has not been investigated.  

Second, although there is very limited research on the techno-economic performance of zeolite 

13X for large-scale heating systems. There are few studies that evaluate the economic feasibility 

for just smaller storage in residential households. Scapino et al. studied the techno-economic 

optimization of the sorption system in different energy markets (2020). The system includes two 

heat exchangers, a heat recovery device, sorption reactor, humidification unit, and valves. The 

authors concluded that sorption thermal energy storage integration would increase overall system 

profits by 41% in certain scenarios in the United Kingdom’s market. The paper focuses on heat 

storage to provide heat to district heating systems. A rough economic evaluation by Hauer for a 

7,000 kg zeolite 13X system that covers a heat load of 95 kW over a period of 14 hours is about 

60,000 Euro (2007). A humidifier, water tank, control unit, and three zeolite 13X modules are the 

main components. The system was developed to provide additional heating and cooling for a 

school. Zondag et al. estimated investment costs of around 10200 Euro and 28000 Euro for solar 
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collectors integrated with 7000 kg low-cost sorption materials and zeolite, respectively (2010). 

The authors considered low-cost sorption materials, storage casing, vacuum tube collectors, 

collector system components, heat exchangers, and the bore hole.  

The third significant gap in studies of zeolite-based adsorbent for space heating systems is very 

limited focus on development of scale factor to understand the impact on capital cost of the system 

with a change in the size of the system due to economies of scale.  

This research, therefore, aims to fill the research and knowledge gaps by conducting a 

comprehensive techno-economic assessment of the zeolite 13X thermal storage system with a PVT 

air system. The model was developed from the bottom up with the incorporation of various 

components necessary for the adsorbent system. The specific objectives of the study are to: 

• Design and simulate a PVT-charged zeolite 13X storage for a space heating system in the 

residential sector; 

• Develop a techno-economic model to compute the levelized cost of energy for zeolite 13X 

storage for small-scale buildings such as houses; 

• Compare the levelized cost of heat released with that of existing conventional heating 

systems; 

• Develop scale factors for the cost components to understand the economies of scale of the 

zeolite heating system for different climates and usable sizes; 

• Conduct a case study for Alberta, a western Canadian province and cold climate 

jurisdiction; 

• Conduct a detailed sensitivity and uncertainty analysis to provide insights into critical 

factors and uncertain parameters.  
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2. Method  

A framework provides guidelines through which to execute research. This research has four parts: 

system review, engineering design, techno-economic assessment, and model output and results 

interpretation. First, a review was performed to identify space heating systems and their 

components. Second, an engineering model was developed to size the equipment/devices in the 

space heating system proposed for this study. Third, the techno-economic model was developed 

to assess the feasibility of the proposed system. Finally, the outputs of the model were interpreted 

and discussed.  

Fig. 3.1: Methodological framework 

2.1  System review 

System selection  

Many working pairs (A and B) were investigated with the aim of achieving high energy density as 

well as stability, low environmental impact, and low cost:  

AB + heat ↔ A + B 
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We conducted a brief review to identify adsorbent pairs of interest. Many processes have the 

potential to become a heat storage medium, i.e., the dehydration of salt hydrate, metal hydrides, 

and hydroxides, the de-ammoniation of ammonium chlorides, and the decarboxylation of metal 

carbonates (Kerskes 2016). The working pair of zeolite 13X and water has many advantages over 

other processes. Some reports suggest that zeolite 13X’s energy density does not degrade over 

charging and discharging cycles. In radioactive waste management, the zeolites were utilized more 

than 25 years, which is longer than a 20-year lifespan considered in this study (UKEssays 2018). 

Zeolite 13X is reusable, so the environmental impacts of manufacturing it would be low. 

Additionally, during the operating phase, the material does not emit any GHGs or toxic chemicals. 

Therefore, water and zeolite 13X were chosen for the space heating system.   

System description 

The main components of the space heating system are blower fans, humidifiers, solar collectors, 

adsorbent vessel, zeolite 13X, a duct network, insulation, filters, and valves. Fan 1a (as labelled in 

Fig. 3.2), the solar collectors, and the zeolite vessels are active during the charging cycle, while all 

the equipment except the solar collectors operate during the discharging phase.  
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To charge the system, cold air (or room air) is taken in by the fan and passed through solar 

collectors to be heated. The heated air provides sufficient energy to break the bond between water 

and zeolite 13X. The output air would therefore have higher humidity than the inflow air. This air 

is safe to use for space heating directly if needed. For discharging, when there is no solar available, 

the humidifier (2a in Fig. 3.2) is turned on to increase the air’s relative humidity to nearly 100%. 

Fan 1a will regulate the flow rate of the humidified air entering the adsorbent vessel. Because of 

the reaction between water and zeolite, the heat generated will increase the temperature of the air 

flowing through. The result of this process creates a hot dry airstream that can be used for space 

heating in households. Fan 1b and Humidifier 2b are used to adjust the temperature and relative 

humidity for comfort purposes before air is delivered to rooms through a duct network.  

2.2 Engineering design 

The main parameters used in the design phase of the research for a zeolite 13x space heating system 

are displayed in Table 3.1. The data was taken from various sources including published papers 

 

1: Fan 

2: Humidifier 

3: House or rooms 

4: Solar heat source 

5: Duct system 

6: Adsorbent bed 

7: Air mixing unit 

 

 

 

Fig. 3.2: Space heating system with PVT air solar collectors 
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and online industrial websites. The parameters are crucial in developing the base case for the 

proposed system.  

Table 3.1: Techno-economic model inputs for the heating system 

COMPONENT PARAMETER UNITS VALUE REFERENCE/NOTES 

House sizing Usable area 125 m2 This number is the average 

of median above-grade 

living area of a single 

detach (Statistics Canada 

2019) 

Capacity Output energy kW 16 With the area, the furnace 

sizer is chosen for specific 

condition  

 Operating duration hrs 8 The hours are chosen to 

meet the nighttime heating 

needs 

Stream 1 Air temperature oC 50 (Dicaire and Tezel 2011) 

 Relative humidity  % 0 (Dicaire and Tezel 2011) 

Stream 2 Air temperature oC 15 The temperature on the low 

side when people are 

absence from the house 

before furnace started 

Stream 3 Air temperature oC 25 Ductwork length varies. A 

small to average size house 

would have around the 

assumed length 

 Relative humidity % 35 (Unsdorfer 2015) 

Adsorbent energy 

density 

Zeolite 13X kWh/m3 154 (Dicaire and Tezel 2013) 

 Zeolite density kg/m3 704 (Nienborg et al. 2018) 

 Porosity  0.4 (Lefebvre et al. 2016) 

 Pellet diameter m 0.01 (Lefebvre et al. 2016) 

Hot air properties Dynamic viscosity cP 0.01963 (Montgomery 1947) 

 Density kg/m3 1.2461 (Engineering ToolBox 

2004) 

Container/Vessel Allowance for 

corrosion 

m 0.003 (Sőlken 2020) 

 Maximum allowable 

working pressure 

kPa 103,000 (CIS GmbH Consulting 

Inspection Services 2020) 

 Efficiency of joints  0.8 (Peters et al. 1968) 

Ductwork Roughness ft 0.0005 (Engineering ToolBox 

2003) 

 Length ft 30 Assumed 
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COMPONENT PARAMETER UNITS VALUE REFERENCE/NOTES 
Fan Efficiency % 50 (Engineering ToolBox 

2003) 

Humidifier Operating 

Temperature 

oC 20 The average of the high and 

low temperature range of 

the house 

Thermal 

conductivity 

Galvanized steel W/mK 18 (Bennaji et al. 2010) 

 Fiberglass W/mK 0.040 (Hammond 2008) 

 

The base case of the space heating system needs to deliver 16 kW of heat over 8 hours. For a 125 

m2 usable area with a 2.44 m ceiling height and an air exchange of up to 9 times per hour, the 

output of the system (Stream 3) is designed to achieve a flow rate of 1800 cubic feet per minute. 

The delivered air would be 25oC with a relative humidity of 35%. These values were chosen 

because the comfortable temperature and humidity for living are around 20-22oC and 30-60% 

(Acurite 2017; Direct Energy 2019, 2020). The temperature and relative humidity of the calculated 

stream (e.g., Stream 3 in Fig. 3.2) can be calculated from the qualities of the two other streams by 

applying adiabatic mixing rules (through Equation A11 in Appendix) or a psychometric chart 

(Balmer 2011; Mugdha 2019).  

The volume of zeolite 13X was obtained using the total energy output (kWh) and the energy 

density of material (kWh/m3), which was obtained from literature. The thickness of the vessel is 

found by applying Equation A15 in Appendix, derived from Peters et al. (Peters et al. 1968).. The 

pressure drop across the zeolite 13X bed was estimated by Ergun’s equation (Equation A6 in 

Appendix) (Coker 2014). 

The total pressure loss of the system is an essential parameter in sizing the blower fan motor. The 

humidifiers were sized based on the maximum flow rate and vapour density (or capacity) needed 

to increase the air’s relative humidity to above 90%. Insulation is considered to contribute no more 
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than 5% heat loss to the whole system, including the vessel and duct network. We assumed there 

was no heat loss to rooms close to the furnace and that heat would be distributed unevenly 

throughout the house. Finally, we deduced the physical area of solar collectors based on the heating 

demand requirement and the available solar irradiation. Our study used data from an earlier study 

conducted of 806 kWh/m2 per year for PVT – because Alberta has similar solar potential 

(Tripanagnostopoulos et al. 2006; Global Solar Atlas v2.2 2020).   

2.3  Techno-economic assessment 

Materials and components of the heating system were modelled as a function of both cost and size 

to account for economies of scale (Eq. 1). With the scale factor of 1, the equation becomes a 

straight line and the cost increases proportionally with the capacity. If the scale factor is less than 

1, the rate of capital cost increase is less than the growing rate of capacity. This means less capital 

cost is needed for the additional capacity (Sultana et al. 2010). For instance, steel cost was 

calculated using Equation 5  (Moore 1959) in which 0.65 is the scale factor for steel production 

(Pootakham and Kumar 2010) and the cost of a short tonne of carbon steel is US$716 in 2019 

(Wallace 2018; World Steel Prices 2019). The cost of galvanized steel, the main material in the 

duct network, is approximately $1320 per short tonne (Wallace 2018; World Steel Prices 2019).  

 
𝐶𝑛 = 𝐶𝑟(

𝑄𝑛

𝑄𝑟
)𝑚 

(Eq. 1) 

Here, Cn is the cost of a product at a capacity Qn, Cr is the known cost for the reference capacity 

Qr, and m is the correlation exponent (0<m<1).  
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The volume and weight of zeolite required for the system were estimated with the available 

information on zeolite energy density. A correlation (shown in Fig. 3.3) was developed between 

the weight of zeolite and the investment cost as found in commercial data. 

Fig. 3.3: Weight vs cost correlation for zeolite 13X 

The heating system comprises two fans and two blowers. Each fan was designed to have enough 

power to overcome the internal pressure developed inside the system due to packed zeolite, friction 

on the ducts, and filters. The cost formula of the fan with a motor is described through Eq. 2 

(Couper et al. 2010). Carbon steel is the material chosen for the installation factor and the fan is a 

propeller with guide vanes.  

 𝐶 = 1.218𝑓𝑚𝑓𝑝exp[𝑎 + 𝑏 ∗ 𝑙𝑛𝑄 + 𝑐 ∗ (𝑙𝑛𝑄)2] (Eq. 2) 

Here, fm is the installation factor, which determines the materials used, fp is the gage pressure 

required, a, b, and c are constants for fan type and can be radial blades, backward curved, propeller, 

or propellers with guide vanes. 
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Another important component in the model is the humidifier. One humidifier is critical in the 

discharging process to release the stored heat and the other is necessary to change the humidity 

level. The correlation given in Fig. 3.4 was created based on the vendor cost data available online 

(Guangzhou Dongao Electrical Co. 2019).  

Fig. 3.4: Maximum capacity vs cost for humidifiers 

Transportation cost was determined with the weight of all the materials in the system and the 

transportation distance. A tractor-trailer operating in uncongested conditions would cost roughly 

0.244 CAD per tonne-km (Ray Barton & Associates 2006). For the base case, the transportation 

distance is assumed to be 1100 km.  
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The installation cost is primarily affected by the usable area of a residential house since the area 

determines the size of the furnace and the cost of the duct system. Fig. 3.5 shows the developed 

correlation between the usable area and the installation cost. The data was retrieved from a vendor 

on space heating (PickHvac 2020). Fibreglass was chosen for both the zeolite vessel and the duct 

network insulation. The relationship between weight and cost per kg was generated based on data 

available from a manufacturer and is shown in Fig. 3.6 (Buy Insulation Products 2020). 

Miscellaneous items such as the damper and valves were also considered in the initial investment.  

Fig. 3.5: Usable area vs installation cost for residential houses 
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Fig. 3.6: Weight vs cost per weight for fibreglass 

Fig. 3.7: Year vs cost per m2 of solar collectors 

The capital cost of a solar collector system including PV modules, air circulation system (air ducts 

and fan), glazed cover, reflectors, and installation was obtained from literature 

Tripanagnostopoulos et al. (2006). Glazed solar collector costs from different years were collected 
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from literature (Tripanagnostopoulos et al. 2006; Agrawal and Tiwari 2015; Tiwari 2016). A 

model was developed based on the data points and glazed solar collector costs were projected for 

the year 2019 (Fig. 3.7). The value was adjusted slightly for a system of glazed solar collectors 

with reflectors. The total solar collector area was found by using household heat demand and data 

for potential solar irradiation from solar thermal collectors with reflectors from literature. The cost 

of the solar collectors, therefore, is based on the solar collector area and the cost per unit area 

(US$/m2). The lifetime of the system was considered to be 20 years in order to compare it to a 

natural gas furnace, the most common furnace in North America (Reliable Home Advice 2018; 

Petro Home Services 2020). There are three annual costs in the cash flow model: maintenance, 

water, and electricity. We assumed the heating system did not require major maintenance during 

its lifetime, but the annual maintenance cost for small components such as filters and valves or 

cleaning system was assumed to be US$150 per year (Costimates 2020). The water cost consists 

of a fixed monthly amount of 6.63 CAD and volume of 1.94 CAD per m3
 (EPCOR 2020). The 

electricity price was assumed to be around 0.09 CAD per kWh (Alberta Utilities Commission 

2020). All costs were inflated to 2019 dollars unless the cost models were developed from 2019 

data. The discount rate was taken to be 10% annually. Additionally, Canadian dollars were 

converted to USD (0.75 CAD = 1 USD). 

Table 3. 2: Excel model inputs for operating costs 

COMPONENT UNITS VALUE REFERENCE/NOTES 

Yearly maintenance cost 150 US$ (Costimates 2020) 

Water cost 6.63 + 1.94*(water 

volume) 

CAD (EPCOR 2020) 

Electricity price 0.09 CAD per 

kWh 

(Alberta Utilities 

Commission 2020) 

Discount rate 10 % (Thaker et al. 2017) 
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COMPONENT UNITS VALUE REFERENCE/NOTES 

Inflation rate 2 % (Macrotrends 2020) 

US -> Canada conversion rate 0.75 CAD/US$ (Bank of Canada 2020) 

 

2.4  Sensitivity and uncertainty analysis 

Sensitivity analysis assists in finding input parameters that have significant influence on the 

outcomes, and uncertainty analysis provides a possible range of outcomes from the given range of 

inputs. Our model used Morris sensitivity analysis to identify the most sensitive input data. 

Uncertainty analysis is performed by running a Monte Carlo simulation through thousands of runs 

depending on the accuracy needed (Liu 2017; Thaker et al. 2017; Kapila 2018; Di Lullo et al. 

2020). The results provide a probable range for the model since predicted results for an 

undeveloped system is an extremely difficult task. Table 3.3 presents the input parameters and 

their range in sensitivity and uncertainty analyses.  

Table 3.3: Sensitivity and uncertainty inputs 

Variables Min Max Unit Reference 

Zeolite energy density 106 250 kWh/m3 (Gantenbein et al. 

2001; Dawoud et al. 

2007; Hauer 2007; 

Scapino et al. 2017a, 

2017b) 

Length-to-diameter ratio 0.1 2.8  (Ugur 2013; Kuznik 

et al. 2020) 
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Variables Min Max Unit Reference 

Zeolite pellet diameter 0.003 0.008 m (Zhengzhou Gold 

Mountain Science 

and Technique Co. 

Ltd 2019) 

Pipe roughness 1967 x 10-7 9836 x 10-7 ft (Ratnayaka et al. 

2009) 

Length of duct system 99.6 149.4 ft Assumed 

Fan efficiency 40% 84%  (Brendel 2010; 

Mathson and 

Ivanovich 2011) 

Transportation distance 1100 5000 km Assumed 

Solar collector potential 806.5 1000 kWh/m2-yr (Tripanagnostopoulos 

et al. 2006; 

Athaudage Dona 

2014) 

 

Zeolite is the core material for the heating system so its weight, affected by energy density, is a 

parameter to consider. We identified the range of 106-250 kWh/m3 by synthesizing different study 

results from a literature review (Gantenbein et al. 2001; Dawoud et al. 2007; Hauer 2007; Scapino 

et al. 2017a, 2017b). Length-to-diameter ratio is an essential variable that determines the duration 

of air flowing inside the vessel. Based on very limited information from literature, a range of 0.1 

to 2.8 was found (Ugur 2013; Kuznik et al. 2020). Another parameter influencing the interaction 
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between the inflow air and the contacting surface of zeolite 13X is the size of the pellet. The upper 

range of 3 to 8 mm was chosen to minimize the pressure drop in the system while maintaining 

sufficient contact surface (Zhengzhou Gold Mountain Science and Technique Co. Ltd 2019). The 

roughness of a galvanized steel duct network ranges from 0.0001967 to 0.0009836 ft given the 

operating and deteriorating conditions (Ratnayaka et al. 2009). The margin of safety for the duct 

length is assumed be 20% of its original value, which is derived from a correlation between the 

usable area and the duct length. We used values of 40-84% for the fan efficiency to understand the 

impact of this electric equipment on the overall economics of the system  (Brendel 2010; Mathson 

and Ivanovich 2011). The shorter travel distance, 1100 km, represents the distance from Alberta 

to the west coast and the longer, 5000 km, is the distance to the east coast of Canada. Last but not 

least, since the solar collector is an important part of the space heating system, the uncertainty in 

its input was examined. The lower limit, 806.5 kWh/m2-yr, is the amount of solar energy obtained 

from the solar air collectors and the upper limit is the lowest daily average solar potential in Alberta 

(Tripanagnostopoulos et al. 2006; Athaudage Dona 2014).   

3. Results and Discussion 

3.1  Heating system design output 

Table 3.4 shows the results of the design phase from the simulation model. To provide 16 kW heat 

for 8 hours of operation, a vessel of approximately 1 m3 containing zeolite 13X is needed. The 

footprint of the whole system is of reasonable dimensions to fit in the furnace room in most homes. 

Water and electricity are the two resources consumed continuously during the operating phase. 

Fan motors contribute a small share in electricity consumption, and the two humidifiers (0.68 kW 

and 1.13 kW) account for the largest share in both electricity and water consumption. Hence, a 
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more efficient humidifier is key to lowering electricity consumption and operation cost. The solar 

collectors occupy almost 39 m2, which is quite large for a usable area of 1350 square feet, but 

collectors of these dimensions can feasibly be mounted on the roof top of a single detached home.   

Table 3.4: Output from the simulation model 

COMPONENTS  PARAMETER UNITS VALUE 

Stream 1  Volumetric flow rate m3/s 0.2933 

Stream 2  Volumetric flow rate m3/s 0.5594 

  Relative humidity  % 89 

Zeolite  

Container/Vessel 

 Volume m3 1.005 

 Diameter m 1.086 

 Length m 1.086 

 Pressure drop Pa 250.22 

 Thickness m 0.00370 

Fan  Total pressure loss in of water 1.42 

 Fan 1 power rating HP 0.34 

 Fan 2 power rating HP 0.04 

Humidifier  Humidifier 1 capacity kg/hr 13.7 

 Humidifier 1 power rating W 683.0 

 Humidifier 2 capacity kg/hr 20.4 

 Humidifier 2 power rating W 1129.3 

Insulation  Thickness m 0.015 

Solar collectors  Total area needed m2 38.9 

3.2  Techno-economic assessment 

Table 3.5: Simulation output from the techno-economic assessment 

EQUIPMENT VALUE UNITS 

Total primary investment 28444.13 US$ 

Total cost for 20 years with discount 

and inflation 37692.78 
US$ 

Cost/kWh (heat) 0.0601 US$/kWh 

 

Table 3.5 lists outputs from the techno-economic model. The highest cost contribution is from the 

solar collector system, which accounts for 67% of the total investment cost (Fig. 3.8). The most 

expensive components of the solar collector are the mc-Si PV modules followed by the transparent 
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cover for the glazed PVT (Tripanagnostopoulos et al. 2006). An earlier study performed an 

economic analysis of hybrid PVT collectors for a solar domestic hot water system and similarly 

found that the solar collector is around 50% of the total system cost (Matuska 2014). The material 

production cost contributes greatly to the total cost of PV module manufacturing (Fathi et al. 2009; 

Horowitz et al. 2017). Improvements in both efficiency and manufacturing cost per solar system 

area could help improve the economics of the whole space heating system. Other large portions of 

the investment are the operating and installation cost (11%), which was derived from the labour 

requirement and useable area of the building, the zeolite 13X material (9%), and the humidifiers 

(7%). The contributions from other components such as the duct system, transportation, fiberglass, 

and so on are comparatively small. Based on the analysis period of 20 years of using the system 

the cost is $0.06 per kWh of heat generated.  

Fig. 3.8: Cost shares of the zeolite 13X space heating system 
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3.3  Comparisons with different heating systems 

It is important to determine the proposed space heating system compares with other heating 

systems. Fig. 3.9 shows the cost per kWh of heat generated for 7 different heating systems. Yang 

et al. researched the costs of commercialized systems (i.e., electric boiler, gas-fired boiler, electric 

furnace, and gas-fired furnace) (2008). The values were adjusted in this research to Alberta’s 

electricity price assumptions to make meaningful comparisons between the technologies. As can 

be seen from Fig. 3.9, the forced air heating (FAH) gas-fired furnace, whose cost is half that of a 

hot water heating (HWH) electric boiler with a heat recovery ventilator (HRV), is the most 

economical solution. The adsorbent system cost per kWh heat generated is smaller than the HWH 

electric boiler with an HRV but similar to the HWH electric boiler without an HRV and the HWH 

gas-fired boiler with an HRV. Given that its cost is reasonable compared to available heating 

systems on the market, it is worth investigating the adsorbent system further. The cost of solar 

collectors, which accounts for the highest investment share, is expected to decrease in the coming 

years because of lower installation and manufacturing costs (Smiti 2019; Fortune Business Insights 

2020); this would help reduce the investment cost and cost/kWh of the proposed system. Provincial 

regulations and resource availability can significantly influence the cost of a space heating system.  
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Fig. 3.9: Different space heating systems 

3.4  Developed scale factor for adsorbent space heating system 

Fig. 3.10: Developed scale factor for capital cost of a furnace for the zeolite 13X space 
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The larger the capacity, the lower the cost per unit heat generated. For instance, with a similar 

living space or usable area, the cost per kWh for a house in a colder climate would be lower than 

for one in a warmer area. Hence, studying the rate of capital investment change relative to the rate 

of increasing storage size would be beneificial. Fig. 3.10 shows the economies of scale benefits of 

decreasing incremental capital cost with the capacity of the space heating system. The figure was 

generated by changing the capacity through duration of discharge while keeping the other input 

parameters constant. The scale factor of the zeolite-based heating system is 0.761. Therefore, 

doubling the storage would only increase the capital investment by 69%. It is important to note 

that without including the solar collectors cost, the economies of scale would reduce to 0.225. The 

values emphasizes the importance of investigating indivdual component to improve the system 

capital cost.  

Breaking  the space heating system into components, the capital cost of each  equipment  can be 

analyzed. The duct  network, fan 2, and humidifiers do not change in size when the size of storage 

increases. Fig. 3.11  shows the  effect  on different components in the system when the capacity 

changes. Noticibaly, fan 1 slightly decreases in size due to the fact that  the system internal pressure 

reduces. This reduction is from the larger vessel housing the additional zeolite added. The 

fibreglass also has a great scaling factor since only zeolite vessel needs additional insulation in the 

whole system. Additionally, the zeolite vessel made of steel have great economies of scale, m = 

0.488.  The two components with the hishest cost, solar collectors  and zeolites, have the worst 

economies of scale. Solar collector price, hence, should be the focus to reduce the overal cost of 

the system at larger scale
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Fig. 3.11: Scale factor: a) Zeolite vessel, b) Zeolite, c) Fan 1, d) Solar collectors, e) Fibreglass
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3.5  Sensitivity and uncertainty analysis 

The results of the Morris sensitivity analysis are shown in Fig. 3.12 based on the methodology 

developed earlier (Di Lullo et al. 2020). Material properties that have great influence on the model 

outcomes are the length-to-diameter ratio, solar potential, pellet spherical diameter, the energy 

density of zeolite 13X, and fan efficiency. The length-to-diameter ratio and the pellet diameter are 

the factors influencing pressure loss and hence they contribute to the sizing of all other 

components. Therefore, the system cost would change substantially if these variables change. The 

efficiency of the solar collectors and the energy density of zeolite are the two properties that 

scientists have focussed on improving for decades. New materials and innovative manufaturing 

methods are improving the efficiency of the solar collectors as well as the energy density of 

adsorbent materials. Fans, which regulate the flow rate and allow it to surpass the internal pressure, 

also influence the investment cost. A conservative fan efficiency of 50% was set in the model, but 

fan efficiency can be above 90%. 

100,000 Monte Carlo simulations were run to achieve a confident range in the output of the techno-

economic model. Cost from the proposed space heating system would likely be between 5.4 cents 

and 6.1 cents per kWh with a mean of approximately 5.7 cents  per kWh heat released, as can be 

seen from Fig. 3.13. Even at the high end of the range, the space heating system still requires less 

investment than an HWH electric boiler with an HRV. The two parameters with most uncertainty 

are the solar collector potential and length-to-diameter ratio. With respect to the former, there is a 

wide range of collectors and scant information on PVT air solar collectors, and the amount of solar 

irradiation that can be collected by such a system in Alberta is unknown. As for the length-to-

diameter ratio of the adsorbent vessel required to optimize the stored heat, this value is being 

actively experimented by researchers around the world.  
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Fig. 3.12: Sensitivity analysis 

Fig. 3.13: Uncertainty analysis 
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4. Conclusion 

In cold regions like Canada, a space heating system is an essential part of every household. 

Greenhouse gas emissions (GHG) emissions from natural gas consumption to provide space 

heating in the residential sector is a key environmental concern. There is very limited scientific 

research that extensively studies the economic feasibility of a zeolite 13X-based space heating 

system. This paper provides a novel contribution in applying engineering first principles to 

integrate system design and process design in techno-economic modelling to accurately estimate 

the life cycle cost of delivering heat energy to a residential home in a cold climate. PVT air solar 

collector-based zeolite 13X storage is explored through a bottom-up techno-economic model to 

understand its economic feasibility compared to other conventional space heating systems. An 

engineering design was developed for the base case of 16 kW heat output for a duration of 8 hours, 

intended to replace the 16 kW furnace used in the average single detached home in Canada. The 

cost of generating heat through the zeolite 13X space heating system is $0.06/kWh, which is 

slightly more expensive than an FAH electric furnace and an FAH gas-fired furnace but less than 

those technologies with heat recovery ventilators. Solar collectors and installation costs are the 

highest contributors to the total investment cost. The cost of solar collectors will likely decrease 

in the coming decades through the economies of scale of the solar thermal manufacturing capacity 

and technology improvement, and this would play a critical role in facilitating the transition to 

cleaner energy in the residential sector. The scale factor was determined to be 0.761, which means 

the system has a small economies of scale. Another point of consideration when the system is 

scaled up has the potential to split the system into multiple units for several zones as well as to 

better control heat loss. The length-to-diameter ratio, pellet diameter, and solar collector potential 

are the most critical parameters in the model. All of these greatly influence the sizing of the other 
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equipment and hence the total system footprint. Even at the higher end, the price of the adsorbent 

is competitive compared to a FAH electric furnace and a FAH gas-fired furnace. These research 

highlights, broadly, that overall investment in new technology such as zeolite 13X storage for a 

space heating system can be competitive compared to conventional heating systems. Additionally, 

energy storage would be essential to improve the reliability of renewable resources, which is 

critical for the space heating sector. It is important to note that the proposed pace heating system 

would work well in regions where sufficient solar irradiation is present. The information developed 

in this study could be used for making investment decisions and policy formulation. 
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Chapter 4 

Conclusions and recommendations 

4.1  Conclusions 

Global efforts are being made to reduce the impacts of climate change by transforming the energy 

system. Space heating is one of the main contributors to GHG emissions in the residential sector. 

It is necessary to rethink the way energy is sourced and used in the sector. The integration of space 

heating with renewable energy is among the alternative strategies. The direct use of solar energy 

for space heating needs an energy storage and conversion system to overcome the intermittency of 

solar radiation. This research focused on the use of adsorbent-based material in a thermochemical 

energy storage system integrated with a solar collector to deliver heating to residences in cold 

climates such as Canada. Most of the existing research is on understanding the physical and 

chemical characteristics of zeolite 13X-based adsorbent for thermochemical storage applications. 

There is some information available on the environmental assessment of different heating 

technologies, but the environmental effect of zeolite 13X for space heating has not been assessed. 

Moreover, the economic viability of an adsorbent-based system has only been studied for large-

scale applications, not for small-scale systems in residential applications. This thesis, therefore, 

offers a novel contribution by developing a bottom-up life cycle assessment and a techno-

economic framework based on first principles to systematically evaluate the environmental 

sustainability and economic feasibility of zeolite 13X storage connected to air solar collectors for 

space heating.  

A life cycle assessment framework comprising system review, engineering design, and 

environmental assessment was developed to estimate the net energy ratio and life cycle GHG 
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emissions per kWh of heat delivered. The system is designed to have a capacity of 16 kW with 8 

hours of running time. We assumed a lifespan of 20 years, as for most furnaces in the market. 

The system generates 0.13 kgCO2 eq per kWh of heat delivered. The operational phase is 

responsible for around 71% of total emissions. Upstream emissions, because of the Alberta grid 

mix electricity consumption in the heating system, are the key drivers. In terms of components, 

humidifiers are the main component and consume high amounts of electricity to increase the 

relative humidity of the input air for discharging and regulating the heat throughout the house.   

The operational emissions of the zeolite heating system vary significantly when the electricity mix 

from different provinces in Canada is considered, as shown in Fig. 4.1. In provinces with cleaner 

gird emissions, the overall GHG emissions could be lower.  

Life cycle GHG emissions due to transportation, assembly, and other stages are negligible. 

Compared to other conventional heating systems in Alberta, the adsorbed-based system has the 

best environmental performance, as shown in Fig. 2.6. This is because it relies less on Alberta’s 

fossil fuel-dominant electricity gird mix than the conventional system. Gas heating systems 

perform better than electric ones.   

With a net energy ratio of 3.2, the space heating system appears to be it is energy efficient. The 

net energy ratio value is slightly higher than the low temperature geothermal installation and 

comparable to large-scale solar-based domestic hot water and space heating systems, which are 

already commercialized.  

Finally, sensitivity and uncertainty analyses were conducted to understand the impact of input 

parameters of the model on the final output. The 90% confident intervals for GHG emissions and 

net energy ratio are 90.1-205.4 gCO2 eq per kWh and 2.26 and 3.36, respectively. The length-to-
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diameter ratio and pallet diameter are the parameters that influence the results most. In order to 

achieve optimal results, those parameters need to be well understood and investigated.  

 

Fig. 4.1: Zeolite-based space heating systems in Canadian provinces 

 

A similar framework was established for the techno-economic modelling. The overall cost per 

kWh of heat delivery was estimated to be $0.06, as shown in Fig. 3.8. The solar collector is the 

main contributor to the capital investment, at 67%. Lowering the solar collector cost would 

significantly reduce the cost of the whole system. The contributions from the other components 

are similar, between 7% and 11%.  
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In Alberta, the zeolite 13X-based heating system costs more than the electric furnace, the gas-fired 

furnace, and the gas-fired boiler but less than the electric boiler, as shown in Fig. 3.9. The gas-

fired furnace seems to be the most economical heating system in Alberta.  

A correlation between cost and usable area in a residential house with different systems was 

established. A scale factor of 0.761 was found, which indicates that the system shows economies 

of scale. Noticeably, the solar collector is the most influential component on the scale factor. 

Therefore, improving the solar collector’s economies of scale will not only lower the cost/kWh 

but also enhance the economies of scale of the proposed space heating system.  

The sensitive parameters in the techno-economic model were found to be the length-to-diameter 

ratio, pallet diameter, and solar collector potential (including its efficiency and the solar irradiation 

potential by region). The 100,000-iteration Monte Carlo simulation indicated that the likely range 

of values for the base case is between 0.05 and 0.06$/kWh. Overall, the zeolite 13X heating system 

has strong economic value compared with other systems and hence shows promise.  

4.2  Recommendations for future work 

The following are the recommendations for future work:  

▪ The data for the solar collector both for the life cycle assessment and techno-economic 

assessment is from published sources. Because the solar collector is the key component 

contributing to both cost and emissions, it would be important to study up-to-date solar 

collector technology with air as the transfer fluid for space heating. 

▪ Experiments considering different temperatures for the input stream and its temperature 

lift after discharging should be done, as preheating the air before it flows through the 

adsorbent storage could improve results. Further, this pathway should be assessed.  
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▪ The space heating system considered in this study was open cycle. A closed cycle system 

could also be investigated. Additionally, different adsorbent materials could be tested for 

energy density, system efficiency, and compatibility with solar energy.  

▪ A study should be conducted to understand the number of heating systems or the optimal 

heating system versus the larger usable area for commercial buildings.  
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Appendix  

 

Where, 

ρda is the dry air density 
ρ is the humid air density 
x is the humidity ratio 
T is the temperature 
Re is the Reynolds number 
V is the velocity 
µ is the dynamic viscosity of the air 
e is the roughness 
D is the diameter of duct 
f is the friction factor 
µ is the dynamic viscosity 
µo is the reference dynamic viscosity 
T is the absolute temperature 
T0 is the reference absolute temperature 
C is the Sutherland constant 
V is the velocity 
△p is the pressure drop across packed bed 
L is the length of container 

 
𝜌 =
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𝝐 is the void fraction of the bed 
ρ is the density of the air 
vs is the superficial velocity 
g is the gravitational acceleration 
h is the head loss 

 

 

Where 

Tc is the temperature 
t is the thickness of the container 
Cc is the allowance for corrosion 
P is the maximum allowable internal pressure 
ri is the inside radius 
S is the maximum allowable working stress 
Ej is the efficiency of joints 

 

Table A1: Solar collector information 

Parameter Value Unit 

Energy needed 38.9 m2 

Emissions per collector area 15.9 kgCO2/m2-yr 

Primary energy per m2 4.5 GJ/m2 

Primary energy 175.1 GJ 

 System capacity = (Usable area) * (Heating factor due to climate) A8 

 Air flow rate = (Usable area)*(Ceiling height)*(Number of air exchanges per hour) A9 

 Total energy required = Power rating (kW) * Usage duration (hours) A10 

 
𝑚1

𝑚2
=

ℎ3 − ℎ2

ℎ1 − ℎ3
=

𝑤3 − 𝑤2

𝑤1 − 𝑤3
 A11 

 Volume of container needed =  
Energy Required (kWh)

Energy Density of Adsorbent (kWh/m3)
 A12 

 𝐹𝑎𝑛 𝑃𝑜𝑤𝑒𝑟 =
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃𝑎) ∗ 𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑙𝑜𝑤𝑟𝑎𝑡𝑒(𝑚3/𝑠)

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%)
 A13 

 𝑉𝑎𝑝𝑜𝑟 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  5.018 + 0.32321𝑇𝐶 + 8.1847 ∗ 10−3𝑇𝐶
2 + 3.1243 ∗ 10−4𝑇𝐶

3 A14 

 𝑡 =  
𝑃 𝑟𝑖

𝑆𝐸𝑗 − 0.6 𝑃
+ 𝐶𝑐 A15 
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Figure A1: Flow rate versus power rating graph of humidifiers 

Figure A2: Power rating versus weight of fans 
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Figure A3: Flow rate versus weight of humidifiers 

Figure A4: Diameter versus weight of dampers (amazon.ca) 
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