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Abstract

There is an increased interest in utilization of solar energy for power generation. A lot of research
effort is being put to improve the efficiency of solar cells. Perovskite architectures that use titanium
dioxide nanorods as electron transport layers have been proven to have enhanced efficiency. There
is very limited information on life cycle environmental and economic assessments of these
perovskite cells (PSC). In this thesis, a cradle-to-grave life cycle analysis is used to evaluate the
environmental benefit in terms of energy payback time, greenhouse gas emissions, and the net
energy ratio of this architecture. Unlike most studies that focus on the life cycle of the cell
processing, this study extends the scope to include the balance of the system and also to evaluate
the environmental effects of reusing important components such as fluorine-doped tin oxide glass
and the gold layer, which appear to significantly impact energy consumption and associated
greenhouse gas emissions (GHG). The energy payback time is calculated to be 0.97 years and the
life cycle GHG emissions is 181.50g CO> eq./kWh of electricity produced for a solar system
installed in a colder climate like Alberta, Canada. The net energy ratio is 3.10, indicating the
system is a net energy generator. The assembly life cycle stage, comprising the panel production,
balance of the system, and mounting of solar panels, generates the most GHG emissions while the
contribution from the cell fabrication stage is second. The GHG emissions associated with raw
material extraction and production (81%) dominate the on-site GHG emissions caused during cell
fabrication and assembly. We observed that the embodied GHG emissions for fluorine-doped tin
oxide glass and gold contribute just 4% of the total GHG emissions associated with the perovskite
solar cell for a three-time reuse case. Aluminum used during panel production and mounting emits

the highest GHG emissions among the materials used.
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Furthermore, to commercialize this PV technology for electricity generation, they must be
manufactured at economical costs and have low levelized cost of electricity that can compete with
existing technologies. In this thesis, a pathway for production of TiO; nanorod-based perovskite
solar modules is established and cost of manufacturing them is estimated. Material, utilities, and
equipment requirements from the available laboratory data to a mass production capacity of up to
21.0 MW annually were estimated through development of scale factors based on first principle.
Key parameters contributing to the manufacturing costs are identified, and the minimum
sustainable price and levelized cost of electricity are calculated. The direct manufacturing cost of
the reference PSC module is estimated at $80.23/m? and $0.73/W with a production capacity of
3.5 MWp. These costs decline to $47.15/m? and $0.43/W when estimated for an annual production
capacity of 21 MWp due to economy of scale benefits. Material costs dominate the overall costs
with fluorine doped tin oxide (FTO) glass being the most expensive material used for fabrication.
The labour costs rank second but decrease drastically with increased production. The material costs
and the capital cost on the equipment purchased are seen to have a scale factor of 0.81 and 0.78,
respectively. The perovskite solar cell panels when installed at residential homes in Alberta,
Canada are estimated to have a competitive levelized cost of electricity ranging from 7 to 17 cents
per kWh. However, this parameter is found to be extremely sensitive to the module efficiency,

lifetime, and the solar insolation at the location of installation.

Sensitivity and uncertainty analyses were performed for both life cycle assessment and techno-
economic assessment studies to identify the key input parameters that have significant impacts on
the outputs (energy payback time, greenhouse gas emissions, the net energy ratio, minimum
sustainable price, and levelized cost of electricity) and to obtain a range of results (through a Monte

Carlo simulation), respectively.
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Chapter 1: Introduction

1.1. Background

Over the last four decades, unprecedented economic growth and elevation in the standard of living
have doubled global energy consumption [1]. Most of this energy is derived from fossil fuels such
as coal, crude oil, and natural gas [2], presenting the world with two major problems. First, these
fossil fuels are being used at a rate a significantly higher than their rate of deposition [3]. Second,
the combustion of fossil fuels for energy leads to anthropogenic greenhouse gas (GHG) emissions
that cause global warming [4]. For sustainable use of our energy sources, a balance between the
economy and environment needs to be maintained; this is one of the critical challenges the world

is facing today [5].

Renewable energy sources, i.e., hydro, geothermal, biomass, solar, and wind, are abundant and
have comparatively lower environmental impacts than fossil fuel sources over their life cycle [6].
While their use may seem to significantly reduce the two problems mentioned above, there are
several challenges we face in using these sources. For instance, hydro power requires a large initial
investment, and its success is largely dependent on levels of precipitation [7]. Additionally, the

establishment of reservoirs may displace land and wildlife habitat, causing ecological imbalance

[7].

In the case of solar energy, cost and the land footprint are major barriers. The cost of solar energy
is dictated by panel costs, cell efficiency, and battery system requirements to overcome the
intermittency of sun’s availability [7, 8]. However, on a positive note, the price of batteries used

for energy storage has decreased significantly in the past few years [9]. The reduction in lithium



ion battery price in particular has exceeded expectations, and announcements on high-cycle
stability have made their case strong and optimistic [9]. Between 2007 and 2014, battery cost
estimates industry-wide fell by 8-14% [10-12]; the focus on areas in which to reduce costs has
since shifted to panels and solar cell efficiency. First-generation crystalline silicon photovoltaic
(PV) cells have efficiencies of around 25%; however, the problem is the scarcity of solar-grade
silicon and associated costs in fabricating these PV cells [13, 14]. Nevertheless, crystalline silicon
cells dominate the PV industry and had a market share of 93% in 2015 [15]. Though second-
generation thin film PV cells have a smaller market share, they are relatively cheaper because they
use fewer materials and low-cost processes [16, 17]. However, their photoconversion efficiencies
have not been great for commercialization [18]. Therefore, inexpensive, abundant, and efficient

materials are needed.

Perovskite solar cells (PSCs) are third-generation PV cells that have attracted considerable
attention recently because of the potential of their low fabrication cost and technical advantages
[19, 20]. Since PSCs are solution-processable via low-cost deposition techniques and characterized
by their thin layers (up to 300 nm), reduced material and fabrication costs are expected [21, 22].
Furthermore, PSCs have a technical characteristic that causes almost all the photoexcited species
to reach the charge collection electrodes, resulting in a superior performance [23]. The
conventional PSC structure has a perovskite absorber between an electron transport and a hole
transport layer as well as two electrodes on each end of the cell [24]. These layers are made from
different materials using several processing techniques. Thakur et al. [25] showed that the
efficiency of the PSCs can be increased by using monocrystalline TiO2 nanorods as electron
transport layers because of the reduced thermodynamic losses related to photons [26, 27]. With

any new technology, it is important to carefully outline the economic, environmental and social



implications of the PSCs at their early stage of development [5]. Understanding their sustainability
performances helps in the improvement of the technology while also highlighting its future

potential [28].

Life cycle assessment (LCA) is a methodological framework that can be used to assess energy
technologies both from environmental and socio-economic perspectives by considering their entire
life cycle starting from raw material extraction to end of life [29, 30]. LCA is conducted based on
the standards set by the International Organization for Standardization (ISO), ultimately assisting
in identifying the GHG-intensive processes and providing valuable insights to policymakers and
stakeholders [31, 32]. As per the guidelines and procedures provided by ISO, LCA has four phases:
goal and scope definition, inventory analysis, impact assessment, and interpretation [31, 32]. The
goal of an LCA sets the context of the study by clearly identifying the purpose, targeted audience,
and the ways of communicating the results to the intended audience. The scope defines the system
boundary of the study, the functional unit, time, location, and the procedures used [31, 32]. The
inventory analysis involves compilation and calculation of material and energy requirements and
the associate emissions at each stage of the product’s life cycle. In the impact assessment, the
results are translated to a number of environmental problems such as global warming, acidification,
human health, depletion of resources, etc. The results are interpreted with an emphasis on the
interest areas and conveyed to the audience in the final phase of the LCA. The outcomes of an
LCA study are meant to help policymakers to frame policies around the recommendations made,

favouring the commercialization of environmentally friendly energy technologies.

The environmental assessment needs to be integrated with the techno-economic assessment (TEA)

to understand the cost implications of emerging energy technologies such as PSCs. As the name



suggests, TEA incorporates the technical and economic aspects of a technology to meaningfully
evaluate its viability compared to alternative technologies that offer the same functions. Like LCA,
TEA is a stepwise approach. It involves goal and scope definition and scenario assessment, system
characterization, equipment sizing, cost estimation and profitability analysis, and results
interpretation [33]. The overall focus of this thesis is to develop LCA and TEA frameworks to
systematically quantify both the environmental sustainability and economic viability of a PSC-

based energy system.

1.2. Literature review

A detailed literature review of LCA and TEA studies of perovskites was done as a part of this
thesis to identify the key knowledge gaps. The LCAs conducted in the past have examined the
various environmental impacts of changing the materials used and the fabricating processes
adopted [24, 34-39]. For example, Espinosa et al. compared two deposition methods, spin-coating
and evaporation, to conduct a cradle-to-gate LCA [35]. The processes were found to have
excessive material losses, 90% for spin-coating and 70% for evaporation, highlighting a pressing
need to replace them with other processes. Similarly, Celik et al. assessed processes that are
suitable for mass production, such as spray and co-evaporation methods, to fabricate PSCs [24].
The authors found the energy requirements to be higher than those of commercialized solar
technologies. The electrical energy used to fabricate the PSCs alone exceeded the overall energy
consumption of other commercialized solar technologies. Gong et al. conducted an LCA of two
perovskite architectures, one with titanium dioxide and the other with zinc oxide as electron

transport layers, and Zhang et al. considered lead- and tin-based compounds in the absorber layer



[34, 38]. To summarize, most of the LCAs conducted have been attempts to identify the ideal

combination of materials and processes having the least environmental impact.

Interestingly, most of these LCA studies were conducted from cradle-to-gate and did not evaluate
the GHG emissions related to panel production and balance of the system (BOS) equipment, i.e.,
inverters, batteries, mountings, etc. In other words, material and energy data are included only as
far as the fabrication of the cell; the studies cite the unavailability of perovskite-related data.
Eventually, when this technology is commercialized, some equipment, such as the batteries, may
be used in large quantities, and this will considerably increase environmental impacts and costs
[40, 41]. Furthermore, some important materials used to fabricate the cell, for example, the gold
layer or glass, have large environmental and economic impacts and need to be recycled or reused
at the end of the PSC life. A cradle-to-grave study done at an early stage of technological
development would assist policymakers. There is a scarcity of studies in this area. Therefore, in
this thesis, a thorough material and energy consumption analysis was conducted from the cradle-
to-grave life cycle stages of the PSC, including all the details relating to the BOS and reuse of

some key materials.

With respect to cost estimation, there are very limited studies conducted on TEAs of PSC-based
solar technology [28, 42-44]. The study by Cai et al. was the first and found the module cost to be
much lower than that of other commercialized solar technologies [44]. This study assumed that
perovskites can be printed like silicon and dye-sensitized cells. However, at the time of their
research, there was no study to prove the feasibility of the printing. Chang et al. considered a more
realistic PSC architecture based on earlier studies [28]. Their study found that the key contributors

driving the manufacturing costs were the use of a gold or silver metallic layer and the expensive



hole transport layer, and so Song et al. considered a different but rare PSC architecture to estimate
costs [42]. Their study used inorganic metal oxides as hole and electron transport layers. All the
studies concluded that with an increase in module efficiency and lifetime, PSCs can compete with
commercialized technologies. To reduce material costs, Chang et al. extended their research to
replace glass with flexible substrates [43]. However, high temperature treatments can not be
performed while fabricating the PSCs because of the low melting point of polymers [45]. The
above-cited studies based their cost estimates on assumed production capacities of 100 MW [28,
44] and 200 MW [42]. However, since large-scale production of PSC panels is not a reality yet,
these assumptions may lead to large uncertainty in the estimates. Further, given the current status
of the technology, most of the data available to researchers is only from laboratories. There is very
limited attention given to scaling up the material and energy consumption data from labs to large-
scale production scenarios. This has a significant impact on the estimated costs, as most of the
prior studies show that material costs play a deciding role in determining module costs. Given that
Alberta, a province in Canada, has the highest solar insolation among the Canadian provinces, it
would be interesting to see the impact of electricity generation from the PSC technology on the

electricity costs and GHG grid intensity [46]. This study aims at addressing these gaps.

1.3. Research gaps

Based on the literature review conducted, the following research and knowledge gaps were

identified.

e Even though the LCA studies conducted examine the environmental performances of

several PSCs architectures and manufacturing processes, an architecture comprising



hydrothermally grown TiO> nanorods, used for a higher photoconversion efficiency, has
not been explored.

Though there are some LCA studies on PSCs, the environmental impacts relating to PSC
panel production and BOS are excluded in most of these studies due to lack of data. There
is still a need to conduct a comprehensive study covering all the components and life cycle
phases of PSCs.

Some key elements used to fabricate PSCs are rare and a few are detrimental to the
economic or environmental performance of the PSC. Such materials need to be recycled
and reused. There is very limited information available in the literature in this area.

There is no robust framework in place to scale up laboratory data to large scale and so we
cannot make cost estimates. Nor is there information on the scale factors of the cost
components that contribute to overall cost. These factors help estimate the costs of PSCs
with a greater level of accuracy, and a comprehensive study has not been done yet.

Since PSC technology is at a low technology readiness level, its size and success depend
on several factors, all of which elevate the level of uncertainty. Most studies have
calculated the price of this technology based on large factory sizes similar to
commercialized solar PV technologies. However, for decision making, we need to know
the cost of electricity produced from this technology at different capacities in order to
calculate sustainable costs and breakeven prices for a developer/investor. This is a gap in
the literature.

Previous studies have calculated the levelized cost of electricity (LCOE) and the minimum
sustainable price for the PSCs; however, the real-life application of this technology and the

additional costs involved have not been studied. This thesis attempts to answer the



question: “Can the PSC technology single-handedly meet the electricity needs of a
residential consumer without additional economic burden?” Calculating the LCOE for
residential application and comparing it with existing commercialized PV technologies can
help in answering this question.

There are very few LCA studies done in Canada on PSC technology, especially on how the
Canadian electricity mix and available solar insolation would affect its performance. This

is a major research goal of this thesis.

1.4. Research objectives

The overall aim of this study is to develop a framework to conduct an LCA and a TEA of TiO>

nanorod-based PSC technology and explore its environmental sustainability and economic

viability as a residential electricity-producing energy system.

The specific objectives of the thesis are to:

Develop a bottom-up LCA framework to estimate PSC material and energy consumption,
as well as the corresponding GHG emissions associated with the life cycle of PSCs;
Systematically quantify the energy performance of the PSC technology and evaluate the
energy payback time, net energy ratio, and the life cycle GHG emissions;

Identify the key materials and processes of the PSCs that consume the most energy or emit
the most GHGs and recommend alternatives to improve environmental performance;
Reconstruct the production process flow based on the LCA results in order to accommodate

low cost, high performance, scalable materials, and processes;



e Develop techno-economic models for estimation of cost of the large-scale production
capacity of the PSC plant;

e Develop scale factors for PSC system components to estimate the individual cost of
components and establish a relationship between the production capacity and the overall
module costs;

e (alculate the cost-specific parameters of PV technologies — minimum sustainable price
and LCOE, and

e Conduct a case study of a residential solar system with PSCs for installation in Canada.

1.5. Scope and limitations of the thesis

This research uses an LCA approach to evaluate the environmental performance of TiO2 nanorod-
based PSCs, including the material and energy consumption details from the raw material
extraction stage to the end of life, where the degraded components are dismantled and discarded,
while others are recycled and reused. The scope of this thesis includes a techno-economic
assessment for estimation of cost based on the production pathway redesigned to include inputs

from the LCA results.

This study has the following limitations:

e The focus of the study is confined to Alberta; the electricity mix, solar insolation values,
and cost numbers considered are specific to this province in Canada. However, the
framework can be applied to other jurisdictions by making minor changes to the input

datasets.



e The production pathway includes the use of several materials and processes. Hence, all the
results obtained in the thesis are specific to this set of materials and processes used. These
materials and processes can be replaced with others, resulting in corresponding changes to
the output. Similarly, some perovskite precursors can be replaced with environmentally
friendly chemicals to improve PSC performance.

e The mass of materials and the energy consumption for panel production and BOS are
assumed from studies on single Si PV cells only; there is no perovskite production data.
Moreover, this study examines the slanted roof installation of perovskite solar panels only,
as this is the most common way of installation.

e The PSC module cost was estimated based on an annual factory throughput of 3.5 MW,
The results were extended to six other data points with a focus on every cost component
up to 21 MW, and cost curves were developed for higher capacities. The scale factors were
developed on the concept of economies of scale. However, the operations management
philosophy explains the occurrence of diseconomies of scale after a certain point during
production, which was not accounted for in this study.

e (@Given the short lifetime of PSC-based PV systems, costs were estimated for residential

electricity generation only.

1.6. Organization of the thesis

This thesis is in paper format and is organized to have four chapters. Each chapter is independent
and can be read separately. Some information might be repeated in different chapters. This chapter,
the introduction, presents the overall background of the thesis. Chapters 2 and 3 will be submitted

to journals for publication.
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Chapter 2 presents a bottom-up approach to the LCA of TiO2 nanorod-based PSCs. The goal and
scope of the LCA, inventory-specific to the functional unit, and the method to calculate the key
energy performance indicators are also discussed in this chapter. Key insights into the GHG
emissions, net energy ratio, and energy payback time related to this technology are provided in the

latter half.

Chapter 3 notes discusses the development of techno-economic assessment model. The important
findings of the cost estimates through the TEA of PSCs are discussed in this chapter. This is an
extension of chapter 2, as the PSC production pathway is redesigned based on the results from
chapter 2. Further, the scale factors for individual cost components, cost curves to predict the price
of PSCs, and the method to get to the LCOE are developed. Factors affecting the cost of PSC-

based residential electricity generation are discussed in this chapter.

Chapter 4 presents the key results of this research, from the environmental and economic

performance perspectives of PSCs. Recommendations for future work are also discussed.
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Chapter 2: Life cycle assessment of high-performance
monocrystalline titanium dioxide nanorod-based perovskite solar

cells

2.1. Introduction

Climate change impacts caused by human activities are the major concern of the century. As a
global effort to mitigate the risks and impacts of climate change, the Paris Agreement set a target
of limiting the earth’s average temperature rise to well below 2°C above pre-industrial levels [47].
Such a target requires the transformation of the global energy system from fossil-based to
renewable sources. Solar, along with wind energy, is a promising clean source that has significant
role in decarbonizing the global energy system [48]. Photovoltaic (PV) technologies have shown
remarkable development in the past decade due to breakthrough research in material advancement
with improved energy conversion properties during this time [49-52]. The maximum power
conversion efficiencies (PCE) of these solar modules are reported to be about 26.7% for single
crystalline silicon, 21.9% for multi crystalline silicon, and 21% for cadmium telluride cells [13].
While these conversion efficiencies are promising, each solar cell type has its own set of challenges
that researchers are attempting to address such as the scarcity of solar grade silicon, the cost of a
crystalline silicon solar cell [14], and the high resistivity and work function of cadmium telluride
(CdTe), which affects the carrier collection, semi-conductor, and metal junction [53]. Along with
finding solutions to these problems, research on alternate materials can potentially provide better
options. However, it is of utmost importance to evaluate the environmental benefits of alternative

materials and emerging PV technologies.
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Perovskite solar cells (PSCs) are one such promising new technology with the potential to enter
the market in the near future. PSCs are seen as a highly competitive alternative to silicon and other
solar cells [54]. PSCs have a perovskite absorber layer sandwiched between an electron and a hole
transport layer as well as an electrode on both ends of the cell. Each layer is made from different
materials [24]. While the silicon and thin film solar cells are typically around 300 um and 2 pm
thick, respectively, high efficiency PSCs can be as thin as 300 nm, thus reducing material cost
[21]. Additionally, after an impressive increase in PCE from 10% in 2012 to < 22.1% in early
2016, experts predict further efficiency improvements [55-57]. However, on the downside, the
electron transport layer in PSCs is mostly mesoporous titanium dioxide (TiO2). The mesoporous
architecture is made of 20 nm-sized nanoparticles with grain boundaries that restrict the free flow
of electrons, resulting in an unsatisfactory charge transfer. Furthermore, the mesoporous
architecture does not support a random walk of electrons through the transport layer, thus

hampering the photo conversion efficiency [58, 59].

Thakur et al., however, found that 17.6% efficiency PSCs, made of monocrystalline TiO>
nanorods, can be built; these eliminate the shortcomings of mesoporous architecture [25]. The
nano-structured electron transport layer also provides mechanical support to the perovskite
absorber layer while reducing thermodynamic losses related to photons [26, 27]. As a result, these
samples are capable of extracting electrons more efficiently from the absorber layer than
mesoporous and monocrystalline structures. This is an indication that photo-generated electron-

hole pairs are well separated in PSCs with TiO2 nanorods before recombination [25].

With any new technology, it is important to analyse the materials and energy involved during

production processes; this can be done through life cycle assessment (LCA) [29]. LCA is a
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commonly used method to estimate the environmental impacts of a product system, throughout its
life cycle [60]. Very limited LCA studies of perovskite solar modules have been conducted [24,
34-36]. These studies investigated the different materials for the various PSC layers and/or the
different deposition methods during cell fabrication and their impacts on environment. Espinosa
et al. compared two deposition methods, spin-coating and evaporation, for 1-year module lifetime
PSCs with 15.4% and 11.5% efficiencies, respectively [35]. Both deposition methods have high
material losses and hence warrant the consideration of alternative methods of deposition [35].
Celik et al. considered spray and co-evaporation methods for the fabrication of PSCs [24]; these
methods are more amenable to large-scale manufacturing than spin-coating and dipping, which are
currently used in laboratories. That study found that the electrical energy used in the fabrication of
PSCs alone exceeded the energy consumed in all current commercialized solar technologies [24].
Gong et al. conducted an LCA of TiO2 and ZnO module PSCs to calculate two sustainability
indicators, energy payback time (EPBT) and carbon dioxide (CO) emission factor [34]. Zhang et
al. conducted a comparative LCA of different lead- and tin-based PSCs [38]. The study found that
methylammonium lead iodide and formamidinium lead iodide PSCs have higher environmental

impacts than other technologies.

In the reviewed studies, when TiO»> is used in the cell architecture as the electron transport layer,
it is mostly compact/mesoporous TiO,. However, two studies were conducted on TiO2 nanorods
as electron transport layers in PSCs, and low PCEs were found [61, 62]. Li et al. reported a PCE
of 18.2% by changing the morphology of TiO> nanorods using organic acids in the growth solution
of nanorods followed by a UV-ozone treatment to improve the TiO2 nanorod /perovskite interface
[63]. In the study by Thakur et al., the only surface treatment used was titanium tetra chloride,

which is a common procedure for nano-structured TiO> [64-66]. This study aims at evaluating how
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this simple yet effective fabrication technique improves the environmental performance of TiO»
nanorod-based perovskite solar modules. To the best of the authors’ knowledge, there is no LCA
on this novel architecture. One study, by Zhang et al., performed a cradle-to-gate LCA of a liquid
PSC technology with TiO> nanotube electrodes [37]. But the way in which TiO> nanotubes were
prepared in that study is completely different from the preparation considered by Thakur et al.
[25]. While Zhang et al.’s study used electrochemical anodization, Thakur et al. in their research,
hydrothermally grew TiO> nanorods on the Fluorine doped tin oxide (FTO) glass substrate. The
hydrothermal growth was further controlled by the concentration of titanium precursor, thus
changing the morphology of the grown nanorods as needed, to minimize interfacial recombination,
thereby increasing the efficiency [25]. TiO2 nanotube anodization was found to have a large
environmental impact and since that step is not used by Thakur et al., our study aimed to conduct
an LCA with a nanoscale electron transport layer as the centre of attraction, as this area has not

been explored enough so far.

The studies cited above considered the life cycle impacts only to the point of solar cell fabrication.
Panel production and the balance of the system (BOS), comprising mounting systems, inverters,
and other electric installations, were not included due to the lack of data on perovskites and to
allow for ease of comparison between studies [39]. However, several LCA studies conducted on
other types of solar cells found that the BOS has a considerable share in the overall environmental
impact [40, 41]. Hence, keeping the BOS out of the system boundary can lead to an
underestimation of the environmental impacts associated with a PSC. In this study, the life cycle
greenhouse gas (GHG) emissions and energy requirements associated with panel production and

the BOS are included to provide better insights into the overall environmental impacts of PSCs.
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The primary aim of this paper is to evaluate the overall environmental performance of TiO»
nanorod-based PSCs (fabricated through the simple process explained by Thakur et al.) in order to

identify the major areas of improvement [25]. The specific objectives of this paper are to:

e Develop a bottom-up LCA framework to estimate the life cycle GHG footprint of PSCs
to supply electricity produced from solar insolation;

e Compute the energy performance indicators of the PSC, namely the energy payback
time (EPBT) and the net energy ratio (NER);

e Identify the key materials and processes of the PSC that consume the most energy or
emit to the most GHGs;

e Conduct sensitivity and uncertainty analyses to determine the important parameters;

e Conduct a case study for a fossil-fuel intensive jurisdiction, Alberta, a western province

of Canada.

2.2. Method

2.2.1. Goal and scope definition

The primary goal of this study is to apply life cycle assessment (LCA) as a methodological
framework to evaluate the environmental benefits of TiO2 nanorod-based PSCs. Since the function
of this system is to generate electrical energy, the material and energy requirements and the
associated environmental and energy performances over the life cycle of the product system are
normalized to 1 kWh, which is the defined functional unit of the system. The results of this research
are expected to help researchers in this field understand the technology’s critical environmental

concerns and develop alternatives for better performance. The information might also help policy
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makers to frame long-term policies favouring the commercialization of environmentally friendly

power generation systems.

Figure 2.1 shows the system boundary, which includes four life cycle stages: perovskite solar cell
production, BOS and assembly, operation, and end-of-life. The emissions related to transportation
are assumed to be marginal as most of the raw materials can be chemically synthesised locally.
This assumption is widely accepted for organic PV systems [67]. Each life cycle stage is further

discussed in detail below.

2.2.2. Perovskite solar cell production

The first life cycle (LC) stage is the extraction of the raw materials necessary to produce the
precursors and components used in manufacturing PSCs. The mass of the materials needed per
functional unit is detailed in Table 2.2. The required components and precursors are progressively
deposited on the glass substrate to fabricate PSCs. PSC fabrication details are taken from Thakur
et al.[25]. First, the FTO-coated glass substrates are cleaned by sonication in cleaning solvents for
30 minutes. A thin layer of TiO; is then deposited on the cleaned substrates, followed by
calcination. Next, a TiO2 nanorod array is hydrothermally grown on the substrates by adding an
appropriate amount of titanium (IV) n-butoxide to a solution of hydrochloric acid, glacial acetic

acid and water [25].

The resulting transparent array of nanorods is again rinsed in deionized water and dried. Next, the
TiO2 nanorod array is treated with 40 mM of titanium tetrachloride for 30 minutes at 70 °C and
annealed at 500 °C for 30 minutes [25]. This post-treatment is necessary to increase the efficiency

of the solar cells [64]. The perovskite layer is deposited on the electron transport layer, a perovskite
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precursor solution consisting of 1M formamidinium iodide (FAI), 1.1M lead iodide, 0.2M
methylammonium bromide, and 0.22M lead bromide in a 4:1 mixture of dimethylformamide and
dimethyl sulfoxide. A Spiro-OMeTAD hole transporting layer is deposited by spin-casting. The
final stage is to thermally evaporate a 70nm thick gold layer, thus completing the fabrication of

the cell [25].

Apart from accounting for the materials, the energy used for fabrication is included in this life

cycle stage. Details are available in the energy inventory table (Table 2.3).

2.2.3. Balance of system (BOS) and assembly

This life cycle stage accounts for the materials and energy used for panel production and the BOS.
The BOS typically includes the mounting system, inverters, junction box, and other components
for making necessary connections. The panels are mounted in a pre-decided location and the
necessary connections are made before the PSCs become operational. Due to the lack of data on
PSCs, the material and energy requirements for the BOS were approximated from commercialized
PV technology [68] based on the assumption, as in another study [69], that similar systems can be
used for a PSC. The details of the calculations related to this phase are discussed in the inventory

analysis section.

2.2.4. Operation

For PV technologies, since electricity is generated from solar energy, energy consumption and
GHG emissions during operation are zero. Therefore, the use phase impacts are omitted even

though this phase lies within the system boundary of the study [70].
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2.2.5. End-of-life

The last stage is the end-of-life and accounts for the environmental impacts of separating the layers
of panels, recycling, and the reuse of certain components as well as disposing the wastes. The
dismantling and reuse of FTO glass and the gold layer are modelled as per the study by Binek et

al. [71], and is explained later in this paper.

2.3. Inventory analysis

The inventory analysis involves the compilation and calculation of material and energy input
requirements at each process in the life cycle of the product system. Tables 2.2 and 2.3 list the raw
materials and energy necessary to generate 1 kWh of electricity from TiO> nanorod-based PSC
architecture. The total lifetime electricity generation is calculated using Equation 1 [39] based on

the assumptions and considerations mentioned in Table 2.1.

Eout = AXPRXIXnXLT Equation (1)

Table 2. 1: Inputs and assumptions - calculation of lifetime electricity generation

Parameter Definition Value Comments/ Remarks
Total energy output from Electricity output through the
Eout 1135.8 kWh
the PSC panel in kWh lifecycle of the panel
A Panel dimensions 1.635 m? Standard 60-cell rooftop panel

0.75 is used in Europe and 0.95
PR Performance ratio 0.85 is used in the US [72]. The

average of the two is chosen
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Parameter Definition Value Comments/ Remarks

Based on the data from the
Natural Resources Canada

dataset [73]. The dataset

I Annual solar insolation 1513.5 kWh/m?*/yr
provides monthly insolation
data for every municipality
across Canada.
n Panel efficiency 18% [25]
LT Lifetime in years 3 years [24]
GHG emissions caused
Emission 0.6 kg CO»
during electricity Davis et al. [74]
factor eq./kWh
production

There is ambiguity around the lifetime of perovskite solar cells because the technology is new.
Lifetimes of one [35], two [34], and five years have been reported, similar to a commercial solar
cell [37]. Until 2018, the longest lifetime reported for PSCs was around one year [75]. Since
commercialized solar cells have longer lifetimes, perovskites cannot be commercialized with a
very small lifespan. This study assumed a lifetime of 3 years, as Celik et al. did [24]. The difference
is captured in the sensitivity and uncertainty analyses. The materials used to fabricate a PSC are
based on detailed laboratory data from Thakur et al. [25]. The PSC sample used in this laboratory
i1s 7.5 cm X 2.5 cm and all the data collected corresponds to this size. Relevant mass conversions
were done to obtain the mass of input materials used for every 243.4 cm? (the standard cell size)

of the PSC.

21



The energy required at each sub-step of PSC fabrication was estimated by considering the
equipment’s power rating, usage time, and use factor. The use factor for each equipment is
calculated as explained by Garcia-Valverde et al. [76]. The purpose of introducing the use factor
is to ensure that only the energy relevant to the functional unit is included, as the equipment may
not be used at its maximum capacity. In short, every parameter (speed, temperature, the volume at
which the process occurs, etc.) is divided by the corresponding maximum capacity of the

equipment and multiplied with each other to get the overall use factor for that particular process.

The mass of materials for panel production was calculated with data from Jungbluth et al. [68].

The panel production, BOS, and assembly data for single-Si photovoltaic panels were considered.

For the mounting system, to be in line with panel production, slanted roof construction is assumed.

This is the most common way of installation [68].

Finally, the material inventory for the end-of-life were approximated from Binek et al. [71]. As
explained in their work, the PSCs are immersed in chlorobenzene to categorically separate the hole
transport layer and the gold layer. The gold layer is then filtered out, cleaned, and reused. The
perovskite layer that remains on the FTO glass layer is converted back to lead iodide through brief
immersion in double distilled water. Treatment with dimethylformamide subsequently dissolves
lead iodide, leaving a reusable FTO glass substrate with a hydrothermally grown electron transport
layer [71]. A three-time reuse case was adopted in this study; as observed by Binek et al., there is
no considerable change in performance when PSCs are thrice recycled [71]. The emissions arising

from the reused and recycled FTO glass and gold layer were considered.
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Table 2. 2: Material inventory results per the functional unit (kWh)

Life
Sub- Mass, Comments/
cycle Material g Remarks
step Remarks
stage
FTO FTO coated glass slides* | 2.5E+0 | Substrate
glass Acetone 2.0E+0 | Cleaning solvent
preparati | Methanol 2.0E+0 | Cleaning solvent
on Deionized water 2.6E+0 | Cleaning solvent
S Materials used
Titanium(IV) _
‘ ' 2.2E-2 | For the thin to fabricate
TiO, isopropoxide
— compact layer of | PSCs are based
deposition | 1 M Hydrochloric acid 5.3E-3 _
Ti02 on detailed
Isopropanol 2.5E-1
= S— . laboratory data
£ Hydrochloric acid (37%) | 3.4E+0 | Solution
s : S— . from Thakur et
= ] Glacial acetic acid 3.0E+0 | preparation for
- T10; al. [25].
= Deionized water 5.6E+0 | hydrothermal
¢ | nanorod hof TIO
rowth of Ti
8 arowth o | grow 2 The PSC
?3 Titanium (IV) n-butoxide | 6.8E-1 | nanorods on the sample
E glass substrate dimensions are
= . .
@ Dryin Rinsing the
2 e Deionized water 5.1E-3 7.5 em X 2.5
% |and nanorod array cm and all the
g post- Flowing nitrogen 7.1E-2 | Drying data collected
A T -
treatment | Titanium tetra chloride 3.9E-1 | Post-treatment corresponds to
Meth?llammonium 0B this size.
bromide Preparation of the
Formamidinium iodide 8.7E-2 | perovskite Relevant mass
P kit i
OV M ead bromide 3.7E-2 | precursor solution | COMVErsions
deposition were done to
Lead iodide 2.3E-1
Dimethylformamide 3.5E-1 | 4:1 mixture added obtain the
Dimethyl sulfoxide 1.0E-1 | to the solution mass of input
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Life

Mass,

Sub- Comments/
cycle Material g Remarks
step Remarks
stage
For rapid materials used
Chlorobenzene 2.5E-1 o '
crystallization for producing
. Hole transport 1 kWh of
Spiro-OMeOTAD 8.1E-3 o
layer electricity from
Hole Chlorobenzene 2.5E-1 | Mixture for the PSC panels
transport 4-tert-butylpyridine 3.0E-3 | deposition of the
layer Acetonitrile 3.2E-3 | hole transport
deposition | Lithium bis layer.
trifluoromethanesulfonyl- | 1.0E-3 | Approximately
imide 200nm thick
Device
completion
Thermal
evaporat
‘ Gold* 7.1E-4
ion of
gold
é Low-iron glass 1.5E+1 | Panel top cover
S
g _ Wire drawing, copper 1.6E-1 | For wires
o=}
LE 2 Manufac | Aluminum alloy 3.8E+0 | Panel edges Data from
>
in g turing of - | 4B+ Front and rear Jungbluth et al.
Ethyl vinyl acetate AE+
'% % solar cover for cells [68]. The panel
= .
T E| panels Polyester 5.4E-1 | Bottom cover production,
& =
- Polyvinyl fluoride 1.6E-1 | Bottom cover balance of the
s 2 . .
£ = Acetone 1.9E-2 | Cleaning fluid system, and
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Life

Mass,

Sub- Comments/
cycle Material g Remarks
step Remarks
stage
Auxiliary assembly data
Methanol 3.1E-3 ' ' '
material for single-Si
Propanol 1.2E-2 | Soldering flux photovoltaic
Aluminum for mounting ' panels were
4.1E+0 | For mounting i
system considered.
Steel 2.2E+0 | For mounting
Mountin - For the
Correction factor
gon Corrugated board 1.9E-1 mounting
of 1.54/m? used
structures . system to be in
Plastics (polyethylene) 2.0E-3
. . line with panel
Section bar extrusion 4.4E-3
production,
Polystyrene 1.0E-2
slanted roof
Aluminum alloy 5.5E-1 o
construction 1s
Copper 1.6E-3
. assumed [68].
Low alloyed steel 1.1E-1 | Inverter capacity
Corrugated board box 7.1E-1 | calculated as Relevant mass
Capacitor, electrolytic 43E2 | 280W perm’ area conversions
Capacitor, film 5.8E-2 | fromJungbluthet | oo qone to
Capacitor, CMC 3.98-3 | al [68] All the obtain the
Inverters Resistors 8.1E-4 | Mmasses presented | 1065 of input
Acrylonitrile ABS are converted to materials
1.2E-1 .
polymer the functional required, after
Transformer 2.5E-1 unit. Minor calculating the
Polycarbonate 5.5E-2 clectronic panel area used
Polyethylene I.1E2 | components to produce
excluded. 1kWh of
Polyvinyl chloride 1.6E-3 electricity.
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Life

Mass,

Sub- Comments/
cycle Material g Remarks
step Remarks
stage
To separate the
gold layer and the
Chlorobenzene 3.5E+0
hole transport
layer
. Drying after Mass of
Disinteg ) .
' Nitrogen stream 7.1E-2 | peeling the hole materials
— ration
= transport layer required for
2
[
i To remove the re-use of
= .
: perovskites
= Deionized water 3.2E+0 , : FTO glass and
= leaving behind gold layer was
lead iodide approximated
To dissolve lead
Recycling Dimethylformamide 3.0E+0 | from a study
iodide by Binek et al.
the cells 1 he ol
, To clean the glass 1
(cleaning) | Dimethylformamide 3.5E-1 il

substrate

*Reuse of materials considered as per the specifications in PAS 2050:2011

[77].
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Table 2. 3: Energy inventory results per the functional unit (kWh)

Energy
consumption
Life cycle Comments/
Sub-step Process Equipment (KWh/
stage Remarks
functional
unit)
Aquasonic
FTO glass o ‘
_ Sonication ultrasonic 5.64E-03
preparation
cleaner
Thermo
Stirring Scientific
Cimarec 7.60E-05
KW-4A Spin
S Spin casting Th
= i e ener
§ T102 Coater 6.78E-05 gy
= iti required at
% deposition Lindberg/Blu 1
- each sub-step
% e MTM
© o of PSC
= Calcination 1100°C 1.49E-02
2 fabrication
° Tube
= was
- furnaces _
2 estimated by
= Thermo Sy
A considering
scientific
TiO2 nanorod | Hydrothermal the
oven 4.50E-03 ) ,
growth growth equipment’s
Fisherbrand )
power rating,
™ 3511FSQ .
usage time,
Drying and Titanium Thermo and use
post- tetra chloride Scientific 1.09E-03
factor.
treatment treatment Cimarec
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Energy

consumption
Life cycle Comments/
Sub-step Process Equipment (kWh/
stage Remarks
functional
unit)
Lindberg/Blu
e MTM
Annealing 1100°C 1.65E-02
Tube
furnaces
Thermo
Stirring Scientific 5.91E-05
Cimarec
KW-4A Spin
Spin casting-
Coater 7.54E-06
stage 1
Perovskite
. KW-4A Spin
deposition | Spin casting-
Coater 6.03E-05
stage 2
Lindberg/Blu
¢ M™
Annealing 3.30E-03
1100°C/
tube furnaces
Hole KW-4A Spin
transport ‘ ‘ Coater
Spin casting 2.26E-05
layer
deposition
Thermal Thermal
deposition of | evaporation 4.76E-03
gold [34, 76]
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Energy

consumption

Life cycle Comments/
Sub-step Process Equipment (kWh/
stage Remarks
functional
unit)
Lamination —
loctric 6.78E-03
electricity use
Manufacturing e [68]
of solar panels L.
Lamination —
> " 2.16E-03
= eat use
£ [68]
%]
§ Capacity of
E the inverter
72) 5.
o per m-~ is
8 Electricity for '
& ] 280W. It 1s
S Inverters production 3.41E-03 )
>4 approximated
E [68]
3 for the
s
= functional
£
£ unit.
Pressure
filter is
assumed to
Gold filter the gold
Disintegration ] 1.34E-07
filtration [34] layer. 0.21
< M electrical
0
S energy per kg
=
5 of solid.
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2.4. Energy and environmental impact estimate

The inventory data for each life cycle stage is translated into GHG emissions, EPBT, and NER.

This section describes the approach used to estimate both the energy and environmental metrics.
2.4.1. Energy payback time and net energy ratio

The EPBT measures the time in years the system requires to recover the energy used to produce
the module [37]. The materials used in module preparation, energy conversion efficiency of the
cell, and location-related irradiation are the key factors that affect the EPBT of a solar system. The
EPBT of the PSC system is calculated using Equation 2.

EPBT = EEt—O;y Equation (2)
out

Ewr refers to the total embedded energy consumed in the entire life cycle of the PSC from raw
material extraction to final disposal, recycle, or reuse, and is represented as megajoules of primary
energy consumption per m?. Eoy , in MJ/m>-year, is the annual energy production capacity of the
PSC. v is the average electrical to primary energy conversion; it was calculated to be 0.3 based on

the electricity mix chosen.

For any system, the NER is used to compare the output energy generated by the system over the

life cycle to its primary energy input [78]. The NER is expressed as:

LCEgyt
LCE;p

NER = Equation (3)

where LCE,. is the life cycle energy output in MJ/m? and LCE;» is the life cycle energy input in

MJ/m?2.
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2.4.2. The life cycle greenhouse gas emissions

The life cycle GHG emissions are calculated by summing the emissions associated with production
of each of the raw material and energy used. The contributions from the different sources of energy
used to generate electricity in Alberta change every year. Hence the GHG emissions associated
with generating electricity (expressed as g CO> equivalent per kWh of electricity produced) will
change. An emissions factor of 0.6 kg CO> eq/kWh was considered for the year 2019, taken from
an extended study from Davis et al. [74]. This factor is bound to change over years with changes

in the electricity mix and this change is therefore considered in sensitivity and uncertainty analyses.

2.5. Results and discussion

2.5.1. Greenhouse gas emissions footprint

The life cycle GHG emissions associated with PSC architecture were estimated to be 182 g CO»
eq per kWh of electricity. Figure 2.2 shows the emissions breakdown by life cycle stages and
Figure 2.3 the contribution by major processes. The emissions associated with material preparation

and direct use of energy are presented separately.
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Figure 2. 2: GHG emissions distribution across key life cycle stages

Significant GHG emissions (56% of the total) associated with the BOS and assembly stage were
found in this study. These GHG emissions are predominantly from raw material use. Module
assembly, mounting, and inverters are the key contributors. These impacts were left out of most
perovskite LCA studies as their system boundaries ended with cell fabrication. Further, the PSC
production stage accounted for around 36% of GHG emissions. This stage involves several
important material- and energy-intensive processes such as FTO glass preparation, TiO>
deposition, perovskite deposition, drying and post-treatment. The perovskite deposition step
accounts for the highest GHG emissions from this life cycle stage, mainly because of the use of
chemicals such as formamidinium iodide and methylammonium bromide. The energy consumed
and the GHG emissions associated with the production of formamidinium iodide are extremely
high, though small amounts are used. Reusing these chemicals could reduce the GHG emissions

associated with PSC production. High-temperature processing techniques such as calcination and
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annealing used for TiO; deposition and post-treatment of the nanorods, respectively, contribute to
more than half of the direct energy use. However, the possibility of ultrasonic spray-coating large-
scale TiO2 compact layer on the substrates has been illustrated by Zhou et al., who further perform
calcination at a lower temperature of 135°C [79]. Such a modification to the process flow can bring
down the energy consumption and the GHG emissions for this PSC architecture. Therefore, the
need to adopt low-temperature processes can be reiterated based on the results of this study. The
GHG emissions related to the end-of-life stage are only 9%. At the end of life, panels are
disintegrated, and the PSCs are immersed in chlorobenzene to separate the gold layer and the hole
transport layer. The top layer perovskites are removed from the glass substrate through thorough
rinsing with deionized water. Washing multiple times with dimethylformamide thereafter leaves
behind the glass substrate and the hydrothermally grown TiO: electron transport layer, which is
reused [71]. Apart from gold layer filtration, no process requires electrical or heat energy
throughout the end-of-life recycling stage. Therefore, the GHG emissions related to this life cycle

stage are predominantly due to the use of materials that require reuse.

Overall, 80% of the total life cycle GHG emissions are related to the material requirement at each
stage of the life cycle. Therefore, choosing environmentally friendly materials is the key area than

alternative fabrication processes for this PSC.
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Figure 2. 3: Process contributions to GHG emissions for the PSC

Figure 2.4 presents the elemental contributions of materials towards life cycle GHG emissions.
The aluminum frame used in panels and for the mounting system makes up about 30% of the total
GHG emissions from material production. This is because industrial aluminum is obtained from
bauxite ore through the Bayer and Hall Héroult processes, both of which are high-temperature
processes [80]. Jungbluth et al. report that many producers use plastics and wood instead of
aluminum in their mounting systems for economic and energy reasons [68]. Gong et al., however,
showed FTO glass and gold to be the key contributors in similar architecture when the BOS is not
considered in the system boundary [34]. This study found that FTO glass and gold together take
up just 4% of the total GHG emissions related to material preparation, proving the benefits of

recycling and reuse of key elements of the PSC. Similarly, the recycling and reuse of organic
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solvents such as chlorobenzene, acetic acid, and dimethylformamide, if considered, may result in

further reductions in energy consumption and carbon footprint for this PSC.
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Figure 2. 4: Elemental contributions of materials to GHG emissions

4 mm thick low-iron glass is used in a higher quantity than any other material used for making
panels, as it is the top cover [68]. Low-iron glass is preferred over conventional glass because of
its high transmission rate and efficiency in trapping solar energy [81, 82]. However, silica sand,
one of the main ingredients used in glass-making, naturally contains iron oxides that need to be
retained in small quantities to prepare the best low-iron glass [83]. Consequently, more energy-
intensive processes are involved such as rapid heating and cooling the glass to improve its strength,

resulting in emissions from glass manufacturing [81]. The authors of this study modelled the
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energy use and GHG emission factors for manufacturing formamidinium iodide and found that
because of the high electricity use during the process, formamidinium iodide production
contributes towards GHG emissions significantly. More information can be found in the

supplementary information document.

A review by Peng et al., reports the GHG emissions per kWh of electricity associated with mono-
silicon, multi-silicon, amorphous silicon, and cadmium telluride solar cells to be less than 50g CO»
eq. [70]. Even for the dye-sensitized solar cells, the GHG emissions are not expected to exceed
120g CO; eq. Importantly, the reported values are lower than those calculated for this PSC mainly
because of the lifetime of the cells. Since silicon solar panels have a lifespan of 25-30 years, a
significant decrease in associated GHG emissions is observed by Peng et al. [70]. PSCs can

compete with other established or new solar PV technologies when their lifetime increases.

2.5.2. Energy payback time and net energy ratio

The EPBT was calculated using Equation 2. The parameters and the values used are explained in
section 2.4. The PSC system considered in this study takes about 0.97 years to pay back the energy

that was consumed throughout its life cycle.

EPBT studies conducted in the past for perovskite technology reported a wide range of values.
One study considered the cradle-to-gate energy requirement of three perovskite structures and
found EPBTs of 1.05 and 1.54 years [24], close to the value obtained in this study. However,
excluding panel production, the BOS and end-of-life phases would lower the EPBT to 0.35 years,
which is close to the value found in the study by Gong et al. [34]. Moreover, the EPBT calculated

would be 1.05 years, if the FTO glass and gold layer are not reused.
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The NER calculated from Equation 3 is 3.08, which indicates that the energy produced by the PSC
system is more than three times the primary energy consumed through its life cycle. Since energy
production largely depends on the efficiency and lifetime of the solar PV panels, these two
parameters dictate the energy generation capacity of the PSC throughout the entire life cycle. As
the PV industry thrives to reach higher efficiency and lifetimes, higher NERs can be expected in

the near future.

2.5.3. Uncertainty and sensitivity analysis

Sensitivity analysis was conducted to identify the parameters to which the output is sensitive. The
Morris statistical method was used to perform this analysis. This method is suitable when the
number of inputs is high (as in this case) in order to identify the parameters that have greater impact
on the output and need deeper analysis. Additionally, to address the uncertainty of some inputs on

the results, a Monte Carlo simulation was used.

Uniform distributions were used for all the inputs with maximum and minimum values. There are
two ways errors can enter when inputs are considered. First, the considered material and energy
use may not be accurate. Second, the primary energy consumption for manufacturing these raw
materials and their GHG emission factors might be incorrect. In both cases, an uncertainty range
of £20% was used to discern the impact of these errors. Apart from that, a few other key input
parameters that govern the EPBT, NER, and GHG emissions associated with this PSC such as
insolation have had values reported based on the location of the study, architecture of the PSC,

and other assumptions. The uncertainty ranges for these parameters are shown in Table 2.4.
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Table 2. 4: Uncertainty ranges for input parameters per functional unit (kWh)

Uncertainty
Parameters Unit range
Insolation MJ/m?/year | 3941 - 8047
Efficiency of the cell % 14 -22
Performance ratio - 0.75-0.95
Lifetime years 2-5
Panel efficiency % 14-22

The lifetime of PSCs is uncertain at this moment; we assumed 2 to 5 years. The performance ratio
is usually considered 0.75 in Europe and 0.95 in the US [72]. These values are used in setting the
input range. The highest efficiency recorded for halide-based perovskite solar cells is 22% [25]
and was used in the simulation. In addition, the insolation is lowest when the panels are horizontal
(tilt = 0°) at 3941 MJ/m>-year and the maximum solar energy can be exploited when two-axis solar
tracking is used [73]. This Alberta-specific insolation data was used to set the range. The sensitivity

results are presented in Figures 2.5 and 2.6.
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Figure 2. 5: Sensitivity analysis showing the effect of inputs on the EPBT of the PSC

Figures 2.5 and 2.6 show the sensitivity analysis results as Morris mean and standard deviations
for the EPBT and GHG emissions, respectively. The Morris mean typically indicates the average
change in the output as the input fluctuates from the minimum to maximum values. However, the
Morris standard deviation represents the extent of variation in the output for every change of the

input. The parameters in the right top corner are highly sensitive.

The EPBT result appears to be highly sensitive to solar insolation, the efficiency of the cells, and
performance ratio. Changes in material and energy consumed during each life cycle stage have
less impact on the overall EPBT result. For the GHG emissions, the lifetime of the cells is the most
sensitive parameter. With every extension in the life of the PSC, the life cycle electricity
production increases, thus decreasing the amount of GHG emissions per kWh electricity produced

during its lifetime. A wider range can be considered in future, when this technology is developed
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further and we can present a scenario comparable with silicon solar cells that have longer lifetimes.
Clearly, the environmental impacts of the PSCs would exponentially decrease should their
lifetimes increase. Nevertheless, panel efficiency and PR are also sensitive inputs that can
considerably change the GHG emissions associated with a PSC. The NER is also sensitive to the

lifetime, insolation, and efficiency of the PSC.
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Figure 2. 6: Sensitivity analysis showing the effect of inputs on the GHG emissions

associated with the PSC

The RUST model developed by Dilullo et al. was used to conduct the Monte Carlo simulation for
uncertainty [84]. A uniform distribution of the inputs with specified minimum and maximum
values were selected. A random sample was selected from the conservative distribution of inputs

and iterated 5,000 times to obtain the final distribution.
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The results of the uncertainty analysis are shown in the Figure 2.7. The mean EPBT was 0.9 years
with a range of 0.5-1.9 years. This result is stable compared to the results of GHG emissions, where
the uncertainty was observed to be very high. An extremely low GHG emission value of 85g/kWh
was obtained with a lifetime of 5 years and a panel efficiency of 21%. These are the targets to be
set for the near future. With every increase in the lifetime of the PSC, the associated GHG
emissions decrease quickly, with the PSCs gaining an upper hand over other commercialized solar

cells.

From the uncertainty results, at a 70% confidence level the GHG emissions/kWh of electricity
produced would be less than 200g CO2 eq/kWh. The EPBT of the PSC is not expected to exceed
1 year at a 50% confidence level. When the top 2 sensitive contributors to EPBT, solar insolation
and PR, are considered at their minimum and maximum values with other parameters allowed to
change within their respective ranges, the EPBT mean shifts from 0.876 to 1.3 years. Similarly,
when the lifetime of the PSC is kept constant at its minimum 2 years while the other parameters
are changed, the mean GHG/kWh of electricity can be as high as 300 g COz eq. When the lifetime
is fixed at 5 years, the mean value of GHG emissions was found to be 122 g CO; eq. This clearly

explains the sensitivity of this output to the lifetime.
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Figure 2. 7: Distribution curves for (A) EPBT, (B) GHG emissions per kWh of electricity

produced, and (C) NER for the PSC based on uncertainty results.

2.6. Conclusions

Reducing the climate change impacts caused by human activities requires a collective effort to
transform the global energy system from fossil-based to renewable energy sources. Since its
conception, solar technology has shown remarkable advancement. Perovskite solar cells (PSCs)
are among the promising future solar technologies as they provide high photoconversion
efficiency. Moreover, the perovskite architectures that use titanium dioxide nanorods as electron
transport layers are proven to have high photoconversion efficiency. Because it is a new

technology, there are few studies that extensively examine the environmental performance of its

43


https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/topics/materials-science/perovskite-solar-cell

material and energy requirements based on their full life cycle stages. The main purpose of the
paper was to systematically assess the life cycle environmental performance of TiO> nanorod-
based PSCs. A bottom-up life cycle assessment was used to estimate the greenhouse gas footprint,
energy payback time, and net energy ratio with an emphasis on the unique architecture and scope
extended to include the balance of the system and end-of-life. This was important in order to
compare PSC technology with established systems. It is estimated that the greenhouse gas
emissions per kWh would be 182g CO» equivalent, which is higher than that for many established
solar technologies. The energy payback time is about a year with the net energy ratio proving this
architecture to be a net energy generator. These results indicate that PSC technology can be a

competitive alternative in the near future if higher efficiency and lifetimes are achieved.

The greenhouse gas emissions of the PSC are largely due to the use of aluminium and two high-
temperature processes, calcination and annealing. With the recycling and reuse of FTO glass and
the gold layer, the energy payback time and greenhouse gas emissions fall significantly. The panel
production, balance of the system, and assembly phases of the PSC, excluded in most life cycle
assessment studies, contribute to about 56% of the total emissions. Replacing aluminum metal

with alternatives in this phase can greatly improve the environmental performance.

Sensitivity and uncertainty analyses were performed to identify the parameters that have
significant influence on the outputs and to provide a range of results, respectively. The results
suggest that the large fluctuations in the greenhouse gas emissions are due to the ambiguity

surrounding the lifetime of the PSC. Until the exact lifetime is known, this uncertainty will remain.
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Chapter 3: Techno-economic assessment of titanium dioxide
nanorod-based perovskite solar cells: from lab-scale to large-scale

manufacturing

3.1. Introduction

The decline in costs associated with photovoltaic (PV) manufacturing has led to a growth in its
deployment rate globally [85, 86]. Since the 1970s, PV module costs have come down by about
20% with every doubling of the cumulative production capacity [87]. The reduction in costs can
be attributed to research and development efforts, learning curves in the PV industry, and
economies of scale benefits due to increased scale [88-90]. Yet the cost of electricity production
from solar energy has remained higher than conventional fossil fuel sources [91, 92]. For better
market penetration, PV technologies must have the combined advantage of high efficiency, high
stability, and low cost [93] while being available for large-scale implementation. Three generations
of solar cells have been identified so far, but only the first two are currently available in mass
production. First-generation crystalline silicon cells dominated the market with a 93% share in
2015, followed by second-generation thin film technologies that include cadmium telluride,
amorphous silicon, and few other technologies [15]. To avoid the common drawbacks in first-
generation solar cells, such as higher material and energy costs, the latter was developed by
depositing thin layers of PV materials using low-cost processes [16, 17]. However, the
photoconversion efficiency of these devices has not worked well for large-scale commercialization

yet without incentives [18].
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Third-generation solar cells, such as polymer: fullerene, hybrid polymer, perovskite solar cells
(PSCs), are solution-processable technologies with a foreseeable future in large-scale electricity
production [94]. PSCs in particular have gained attention recently, following an impressive
increase in photoconversion efficiency (PCE) from 10% in 2012 to 22% four years later, with
experts predicting enhanced PCEs in the years to come [55-57]. Nevertheless, to achieve a low
levelized cost of electricity (LCOE) comparable with conventional sources, PSCs need to have
low cost and long-term stability along with their very high efficiencies. To that end, it is important
to understand the costs associated with manufacturing PSC panels at their early stage, as it would
assist in identifying critical areas and highlight the technology’s potential once barriers are
eliminated [28]. However, for technologies at a low technology readiness level (TRL), there are
significant challenges in conducting techno-economic assessments. Unlike commercial scale
energy technologies, information related to equipment use or energy and mass balances may not
be readily available [95]. With limited information, process modelling is a difficult task. For
technologies such as PSCs, scaling-up the laboratory data to estimate selling price is a challenge.

Methods to deal with these challenges must be developed [95].

Only a few studies have conducted techno-economic assessments of PSCs [28, 42-44]. Cai et al.
considered fully printable perovskite structures, assuming large modules to be fabricated using
series-connected small-area PSCs [44]. Most cost components in these studies, including the
capital cost, were taken from other commercial studies related to silicon and dye-sensitized solar
cells which is not robust and fully justified. Currently, with technological advances, it is more
relevant to conduct a detailed, perovskite-specific study. The cost analysis in Cai et al.’s study,
however, did not include some balance of system (BOS) components [44]. Chang et al. considered

laboratory-proven serially connectable modules but used gold and silver in the architecture [28].
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This selection led to an increase in module costs. Because low cost is a major driver for the
commercialization of PSCs, the technology’s potential is in low cost materials and production
processes. Though both Cai et al. [44] and Chang et al. [28] focussed on perovskites deposited on
glass substrates, the latter extended their study to include flexible substrates using roll-to-roll
processes to further examine the impact on the costs in another study [43]. Song et al. conducted
a techno-economic assessment with a low cost, high throughput, and high efficiency PSC design
[42]. The study used a rare architecture with nickel (II) oxide (NiO) and zinc oxide (ZnO) acting
as hole and electron transport layers (ETL), respectively. However, the material use and cost
components were primarily extracted from published sources, expert opinions, and online trading
websites [42]. This approach led to a vast approximation of data and increased uncertainty.
Furthermore, at this stage, information available from the literature for perovskites is mostly at the
lab scale. A framework to scale all the cost components (material use, capital, and labour costs) to
large-scale manufacturing is still a significant knowledge gap for low TRL technologies. Both Cai
et al. and Chang et al. assumed an annual factory throughput of 100 MW [28, 44], while Song et
al. considered 200 MW [28, 42, 44]. Although several PV companies claim to be close to
commercializing PSCs, third-generation solar cells are not on the mass-production lines yet [96].
Therefore, annual production capacities of 100 MW and 200 MW may not be feasible in the near

future.

To fill the knowledge and literature gaps mentioned above, in this paper we developed a bottom-
up data-intensive techno-economic model to estimate the PSC module cost and the minimum
sustainable price (MSP) for a smaller yet feasible annual production capacity of 3.5 MW. This
approach allows the equipment costs to be accounted for with certainty based on the equipment

available in the marketplace.
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The specific objectives of this research paper are to:

¢ Identify a pathway for manufacturing PSCs with low-cost materials and scalable processes
for mass production;

e Develop a techno-economic model to evaluate the economic feasibility of TiO> nanorod-
based PSC technology with a base case annual production capacity of 3.5 MW;

e Develop scale factors to estimate the cost components contributing to the overall module
cost and establish the relationship between the production capacity and the overall module
costs;

e Calculate the cost performance indicators of PSC technology: the minimum sustainable
price (MSP) ($/W) and the LCOE ($/kWh);

e Design the components of a self-reliant residential PSC system for installation in Canada;
and,

e Conduct sensitivity and uncertainty analyzes to determine the impact of various parameters

on the overall cost of the PSC system.

3.2. Method

Figure 3.1 shows the six-stage framework of this study. The goal and scope definition stage
includes specifying the problem leading to this research, identifying the key systems considered
in the assessment and establishing the system boundary of the study. The PSC process design stage
includes the identification of all the unit processes involved (from the study by Thakur et al. [25]),
highlighting the key processes impacting the overall performance of the PSCs, and determining
the input and output of each process. The equipment sizing and scale-up stage includes the

selection of equipment for every process, identification of the processes driving the output
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production of the plant, and calculation of the overall capacity or the factory throughput. The
calculation of the manufacturing costs, development of the scale factors for all the cost components
contributing to the overall manufacturing costs, and the estimation of the MSP are completed in
the next stage. In the system integration stage, the panels are integrated with the other components
of a residential PV system. The levelized cost of electricity (LCOE) is calculated in the final stage

of the framework.

3.2.1. Goal and scope definition

The primary goals of this study were to develop a bottom-up data-intensive techno-economic
model of a TiO2 nanorod-based PSC system and to calculate the two key cost performance
indicators, MSP and LCOE. Other important objectives include developing scale factors for the
cost components and determining the economic feasibility of this technology for electricity
generation for residential sector in Canada. Scale factors are the parameters which help in
determining the cost at different sizes of the system. The target audience for this study are the
decision makers including industry and government. The results of this study would help in
understanding the economic potential and limitations of PSC-based PV systems. Additionally, the
insights from this study are expected to help policy makers frame long-term policies that support

the commercialization of environmentally friendly and economically feasible PV technologies.
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Figure 3. 1: Framework for the Perovskite solar cell (PSC) techno-economic assessment
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3.2.2. PSC process design: lab scale

The standard size of commercialized solar panels available in the market is 165 cm by 100 cm,
with several solar PV cells of 156 mm by 156 mm [97, 98]. However, as for other thin-film PV
technologies, large-area PSCs cannot be fabricated on the glass substrates because of parasitic
resistance losses in the conducting electrodes [99]. Therefore, in this study, each module was
assumed to be made up of 100 monolithically integrated small-area PSCs of 2.5 cm by 2.5 cm,
based on the laboratory scale study by Thakur et al. [25]. The module size was assumed to be 900
cm?, which is currently the largest reported size [100]. Thakur et al. used monocrystalline titanium
dioxide (TiO2) nanorods as the electron transport layer (ETL) to reduce the thermodynamic losses
associated with the photons, thus achieving greater photoconversion efficiency [26, 27]. However,
to ensure cost optimization with efficiency, some minor modifications were made to the pathway
presented by Thakur et al. Expensive materials and unscalable laboratory processes were replaced
with cheaper materials and processes used for mass production. For example, a hole transport
layer-free architecture and the replacement of the gold metal layer with aluminum were considered
to reduce material costs. Laboratory processes such as spin-casting and thermal deposition were
substituted, because these could not be scaled for mass-production [101]. Spin-casting is a typical
process with low material use and increased difficulty with larger substrate sizes [102]; therefore,
we replaced spin-casting of the compact TiO> on the glass substrates and the perovskites on the
ETL with ultrasonic spray-coating and screen-printing, respectively, while estimating the module
cost. The possibility of ultrasonic spray-coating large-scale TiO> compact layers on the substrates
has been explored by Zhou et al. [79]. After the compact TiO; layer was deposited, the authors
performed calcination at a low temperature of 135°C [79]. Thakur et al. proposed the use of spiro-

OMEeTAD as the hole transport layer [25]. Two earlier studies found that methyl ammonium lead
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iodide (MAPDI3) perovskite can act both as a light harvester and a hole conductor [103, 104].
Therefore, in the cost estimation, we excluded the hole transport layer deposition step, thus
lowering material costs and processing expenses. Song et al. demonstrated that gold deposition by
thermal evaporation can be substituted by magnetron sputtering of aluminum [42]. This
modification was done because gold is extremely expensive, even in very small quantities [28].
On the other hand, aluminum is abundantly available, has high electrical conductivity and costs
less. However, a few studies suggest that using aluminum results in incompetent PSC efficiency,
due to its low work function [105-107]. In the quest for high work function metals, sensitivity and
uncertainty analysis was conducted by replacing aluminum with nickel, which has a work function
close to that of gold [108]. The input considerations for substituting nickel with aluminum is
provided in table Bl (appendix B). Figure 3.2 shows the flow diagram of the processes in

manufacturing a solar PSC module.

3.2.3. Equipment sizing and scale-up

PSC module fabrication involves the successive deposition of several layers on the glass; most of
the processes are interdependent, as shown in Figure 3.2. Therefore, the longest process of the
production line drives the output, in this case, the calcination process with the substrates calcined
at 135°C for one hour. We chose a medium-sized furnace for this step and calculated the output
per hour. Annual production volume was estimated to be approximately 3.5 MW, based on the
total working hours per year. Other equipment was selected thereafter to satisfy the output
requirement of the longest step (calcination). Initially, as a base case, the authors considered a PSC
module mass production plant of this capacity situated in Canada, starting operation in 2023. A

post-analysis for higher production capacities is also included. Ultimately, the produced modules
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were evaluated for installation at residential locations, satisfying electricity needs in Alberta,
Canada. The details of the selected equipment are in Table 3.2. Other assumptions supporting this

study are included in Table 3.1.

Table 3. 1: Important assumptions of the study

Parameter Value Assumption / Reference
Has 100 monolithically
Area of the PV modules 900 cm? '
integrated small area cells
This is based on the cell
Module efficiency 11% efficiency and the geometric
fill factor
_ 1000 X 0.09 X 0.11 =9.9W
Nominal power output 9.9W
per panel
. For residential use in Alberta,
Manufacturer location Canada
Canada
Equipment and building ) )
o 10, 15 years Generic assumption
depreciation

Plant operation

3 shifts per day; 8 hours each;
2 functional shifts from 8AM

One maintenance shift with

minimum number of workers.

line

to 12AM 350 working days each year.
The slowest process of the
' ‘ line, calcination, can be
Plant capacity/ production )
3.5 MW, performed in 9 batches each

day. Based on the sizing of

the furnace chosen for
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calcination, the output per
batch is 112 modules/batch.
Total output per day is 1008
modules. Annual production

capacity of the plant 3.5 MW

Currency

USD

A conversion factor of 0.7

used for CAD to USD

SG&A

15%

Of the total revenue

Capital and building expenses

2-year investment profile

The capital expense was
spread across the years 2020
and 2021. The equipment
capital costs were accounted
for in 2021 and 2022.
Production begins in 2023.

WACC

Yearly inflation rate

14%

2.25%

PV manufacturer average; in
line with the study by Song et
al. [42]
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layer screen-
printing

Figure 3. 2: PSC panel manufacturing process diagram

8 — Perovskite
precursor solution
preparation
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3.2.4. Large-scale PSC production cost estimation

We calculated the overall manufacturing cost of the perovskite modules for a production capacity
of 3.5 MW per year based on the annual material costs, utility costs, labour costs, depreciation of
the machines and the building, and the maintenance cost. Figure 3.3 is an overview of the techno-
economic assessment framework used to determine the module manufacturing cost and the MSP

calculation.

Madule manufacturing cost estimation

Equipment capital
Cost

+  Number of
tachines ot the
production line

+ Equipment cost;
taken from the
marketplace OF.
published sources

» Yearly maintenance
cost

Tilities cost

Power rating,
hours of use, use
factor, numher of
equiptnent on the
ling

Flectricity and
natural gas costs

Materials cost

Ilaterial pts;
talcen from lab
data, published
sources, scale-up
studies, molarity
based on solvent
concentration
Cost tnputs; taken
frotn marketplace,
published sources,
EEpErt Opimons

Building cost

Equiptnent floor
space

Building cost per
area
Depreciation
petiod: 15 years
Yeatly
maintenance

Lahor cost

Mutaher of shifts
per day

Warkers/ trachine
Lahor cost
Canadian average

v Inflationtate, WACC,
SG&A PV industry
standards

Minimum sustainahle price

Figure 3. 3: Module manufacturing cost and minimum sustainable price calculation
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Following equipment selection, we obtained costs from literature, development of models, and
manufacturers. A linear depreciation of the machines over 10 years was assumed, similar to Chang
et al.’s assumptions [28], as most of the equipment needs replacing after 10 years. The utility cost
was calculated using the power rating of the machines, estimated hours of use, the use factor, and
the number of each piece of equipment on each production line. The purpose of introducing the
use factor is to ensure correct calculations when a machine is not running at maximum capacity.
More details on these calculations are given by Garcia-Valverde et al. [76]. The average Canadian
electricity and natural gas costs for commercial business are $0.09/kWh and $0.016/ MJ,

respectively [109]. Other related details are provided in Table 3.2.

The material consumption was estimated based on the data generated by Thakur et al. [25]. Scaling
up this data for mass production was done following the framework developed by Piccinno et al.
[110]. All the major reactants were scaled up linearly; however, a 20% relative reduction in the
solvent used was considered based on general expert opinion, as stated by Piccinno et al.
Furthermore, the concentration of some chemicals that form the perovskite layer, i.e., methyl
ammonium bromide and lead iodide, was estimated based on the revised solvent volumes and their
corresponding molarity in the solution. The material costs were obtained from online literature,
developed models and manufacturers, with an emphasis on bulk purchasing. All the material

consumption details are provided in Table 3.3.

The building costs were estimated by calculating the total area requirement (which considers the
physical dimensions of each piece of equipment and common areas such as office space, storage
area, and washrooms) and a depreciation period of 15 years with an annual maintenance expense

of 10% of the building depreciation. All the assumptions related to this calculation are as per the

57



PV industry standards and have been used by Chang et al. [28]. In addition, labour costs were
estimated based on the degree of automation of each machine and the manual labour requirement
per shift, together with the salaries for full-time technical staff, including research and
development engineers. The basis for calculating labour costs for a 3.5 MW annual capacity is
available in Tables 3.4 and 3.5 below. The building dimensions are calculated by multiplying the
floor space of the individual equipment with the floor space ratio of 3 [28]. Details available in

Table 3.6.
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Table 3. 2: Input data and assumptions for equipment

Equip
Pro Number of each Power Total ment
Equipment
cess used equipment used | Footprint rating cost use Comments/Reference
No. W) (US$) | (min/m
%)
Ultrasonic 200 x 100
1 cleaner 2 x 100 cm? 7200 11200 30 Skymen Ultrasonic Cleaner [111].
Maximum rotations per minute (rpm)
of the stirrer is 1800; however, a use
32.5x21.5 factor is considered as stirring is done
2 Stirrer 1 x 12 cm? 590 136.00 480 | at 180 rpm [111].
Ultrasonic 120x 110 Ultrasonic Automatic Spray Coater
3 | coating system 1 x 160 cm? 2100 25000 5.5 [111].
Can be used to simultaneously
Walk-in 434 x 238 accommodate 112 modules [112],
4 furnace 1 1 x 330 cm® 72000 150000 60 [42].
Walk-in 434 x 238
5 furnace 2 1 x 330 cm?® 72000 150000 40 [112], [42].
434 x 238 Slightly different than the other two
6 Furnace 3 1 x 330 cm® 72000 200000 60 furnaces as annealing has a higher
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Equip

Pro Equipment Number of each Power Total ment
cess used equipment used | Footprint rating cost use Comments/Reference
No. W) (US$) | (min/m
%)
temperature requirement. Cost is
slightly higher due to the change in
the make [112], [42].
252 x 321
7 | Laser system 1 x 123 cm? 19600 169000 2.66 | SP2000 laser machine [113].
49.5x 38.2
8 Tank 1 cm? 1040 378 120 | Digital large stirrer [111].
358 x 230 Used to screen-print perovskites on
9 | Screen printer 1 x 160 cm? 9000 50000 1.32 | the modules [114], [42].
Magnetron
sputtering 500 x 250
10 system 1 cm? 80000 155000 20 [111], [42].
Utility costs estimated based on
230 x 230 electric and heat energy use reported
11 | Solar laminator 1 cm? 15000 by Jungbluth et al. [68] [111].
250 x 100 Selective testing of batch production
12 | Testing table 1 cm? 500 12500 1.5 [42].
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Table 3. 3: Input data and assumptions on material consumption for the reference module

Amo Cost
Activity
Material | unt/ | Unit | ($/u Comment/Reference
no.
m? nit)
FTO-
coated
glass 1.00 | m? | 15.7 | Cost inflated from Chang et al. [28].
1.
Bulk purchase as per price given in Sigma
Cleaning ) )
ETO Acetone 0.41 | Lt. | 2.52 | Aldrich website [115].
| 0.48 | 20% relative reduction during scale up [110].
glass
Methanol | 0.32 | kg 3 Cost estimated from literature [111].
Deionized 0.01
water 0.41 | Lt. 2 | Cost estimated from Chang et al. [28].
Titanium
1S0 Linear scale-up of reactants [110]. Cost from
2. TiO2 . .
propoxide | 0.02 | kg 10 | literature [111].
solution
_ 0.00
preparati
IM HCL 4 Lt. 7.5 | Bulk purchasing.
on
Isopropan 11.6
ol 0.04 | Lt. 7 Cost estimated from Sigma Aldrich [116].
A facilitator of hydrothermal growth and not
5.
HCI a reactant itself [117]. 20% relative solvent
Hydrothe ) )
(37%) 0.37 | Lt. 7.5 | reduction considered from lab data.
rmal
Glacial
growth of
IO acetic acid | 0.39 | kg 0.8 | Price from literature [111].
102
Deionized 0.01
nanorods
water 0.74 | Lt. 2 -
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Activity Amo Cost
Material | unt/ | Unit | ($/u Comment/Reference
o m? nit)
Titanium
(IV) n-
butoxide 0.48 | kg | 3.85 | Bulk purchase price from literature [111].
6.
Titanium
tetra Titanium
chloride | tetra 0.08
treatment | chloride 6 kg 2.1 | [111].
Methyl
ammoniu
m
bromide Material consumption based on 0.2 M in
(MABr) 0.002 | kg | 688.5 | solution.
Formamid
inium
g iodide Cost curve developed from the available data
Perovskite | (FAI) 0.02 | kg 897 | points to estimate the price per kg.
solution The mass of the chemical was estimated
preparatio based on molar calculations and
n Lead concentration in the solution. Price
bromide 0.01 | kg 50 | estimation from literature [111].
Mass of the chemical was estimated based
on molar calculations and concentration in
Lead the solution. Price estimation from literature
iodide 0.04 | kg 20 | [111].
Dimethyl
formamide | 0.04 | kg 3 Solvent scaling. Cost from literature [111].
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Amo Cost
Activity
Material | unt/ | Unit | ($/u Comment/Reference
no- m? nit)
Dimethyl Solvent scaling. Bulk pricing from literature
sulfoxide | 0.01 | kg 3.5 | [111].
Chloroben Solvent scaling. Bulk pricing from literature
zene 0.03 | kg 30 | [111].

10. Material consumption and cost estimate from
Magnetron 3.4E Song et al. [42] and literature [111],
sputtering | Aluminum | -4 kg 2.5 | respectively.

Glass 1 m? 1.3
Wire
drawing,
copper 0.11 | kg | 1.04
11. Aluminum | 2.63 | kg 2.5
Ethyl
Laminatio vinyl

n, . acetate 1.00 | kg 2 | Material use from Jungbluth et al. [68]. Bulk
sol;i;:zng Polyester | 0.37 | kg | 2.08 | pricing considered from literature [111].
finishing Polyvenyl

fluoride 0.11 | kg 1.6
Acetone 0.02 | Lt. | 2.52
0.00 0.48

Methanol 2 kg 3
11.6

Propanol 0.01 | Lt 7
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Table 3. 4: Labour requirements on the production line

Equipment/ Number
Activity of Comments
shift
workers
Continuous operation is necessary across all 3
shifts with a requirement of one person/shift.
Sonication of | Ultrasonic Cleaners have timers and do not need continuous
FTO glass cleaner 3 attention.
Overnight stirring for 8 hours done during the non-
production shift for the entire production day. Just

TiO2 solution starting the stirrer is the task to be carried out.

preparation Additional labor not needed irrespective of the
and stirring Stirrer 0 capacity.
Includes filling the ink, making software
adjustments, loading work pieces, clearing the
Ultrasonic spraying table. Needs attention. 1 person per

Deposition of coating machine all the time. Coating done only during the

compact TiO; system 1 first production shift.

Manual tasks include loading the machine, setting
temperature, and unloading after 1 hour. 1 person
Calcination Furnace 1 1 for 3 machines (as the away time is 1 hour).

HT growth + Load the solution, work pieces, set the
drying Furnace 2 0.5 temperature, and drying. 1 person for 2 machines.
TiCl4

treatment + Loading samples, annealing setup after 30
annealing Furnace 3 1 minutes. Removing samples and re-loading.
Perovskite Adding the chemicals and solvents. Setting
precursor Tank 11/ temperature, timer, and rotations. Whatever the

solution prep stirrer 0.5 capacity, maximum 2 stirrer tanks needed.
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Task has a slack time as the cycle time is shorter
than the other processes. Though two stages of
laser patterning operate at this station, about 20

minutes slack allows a slower work progress. One

Laser Laser employee is enough to load, unload, and set the
patterning system software.

Cycle time low. Frequent labour attention needed
to load, unload, and lead other activities associated
with this process. At least one labour necessary per

Screen machine always. Activity starts only in the second
Screen printing printer production shift.
Aluminum
back contact - | Magnetron 2 employees for the machine always. Just 8 hours
magnetron sputtering of sputtering each day to produce the required
sputtering setup output.
Solar laminator functional after other processes are
Lamination, complete on at least one batch of panels.
soldering, and Solar Therefore, functional only in the second
finish-up laminator manufacturing shift.
Cleaning staff - 1 per shift
Testing
Testing table 1 employee/production shift

The total staff required is approximately 17 workers, and their wage rate is calculated at CAD $18

per hour [118].
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Table 3. 5: Other employees of the manufacturing plant and their salaries

Designation Workforce size | Yearly salary (CAD)

Comments

Since the job responsibilities are

similar to those of a project
coordinator, the CAD average

salary of a project coordinator

for the PV industry is used here

Floor manager 1 50,000 [118]
Salary of a project coordinator
Floor supervisor 2 100,000 considered
Salary matched with that of a
R&D 1 65,000 research scientist [118]
Matched with the salary of an
operations manager in the
Factory manager 1 69,000 Canadian PV industry [118]

Table 3. 6: Equipment used and their floor dimensions

Total
No. Equipment Floor space Area | Reference

(m?)

1 Ultrasonic cleaner 200 x 100 cm 4 [111]

2 Stirrer 32.5x21.5cm 0.07 [111]

3 Ultrasonic coating system 120x 110 cm 1.32 [111]

4 Walk-in furnace | 434 x 238 cm 10.33 [112]

6 Walk-in furnace II 434 x 238 cm 10.33 [112]

7 Furnace 111 434 x 238 cm 10.33 [112]

8 Tank 49.5x38.2 cm 0.19 [111]
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Total

No. Equipment Floor space Area | Reference
(m?)
9 Laser system 252 x 321 cm 8.09 [113]
10 Screen printer 358 x 230 cm 8.23 [114]
Magnetron sputtering
11 system 500 x 250 cm 12.5 [42]
12 Solar laminator 230x 230 cm 5.29 [111]
13 Testing table 250 x 100 cm 2.5 [42]

Additional area, such as washrooms, dining rooms, office, and storage area are estimated. The

building cost/m? is considered to be $376.6 [119].

Since 2001, increasing the production capacity in the PV industry has lowered the costs [120].
Establishing the cost vs capacity relationship is an important objective of this work. To understand
the impact of production capacity on direct manufacturing costs, all the costs were further scaled
up from the base case to 7, 10.5, 14, 17.5, and 21 MW, production capacities. The capital cost was
varied based on machine size and use. For example, to meet the annual production requirement of
3.5 MW, 2 ultrasonic cleaners, both running at 70%, need to be used on the production line.
However, while this capacity was doubled to an annual production of 7 MW, only 3 such cleaners
were used at 95%. Therefore, based on the change in the number of equipment used in the
production line or the change in the equipment size to satisfy higher production capacities, the
capital cost was modified accordingly. A change in the equipment use led to an increase or
decrease in the cost of the utilities (electricity and natural gas). Similarly, as more machines were
added or larger equipment was used, the factory size increased, thus changing the building costs.
Material consumption and costs were estimated using the same technique used for scale-up from

laboratory scale to 3.5 MW capacity. The module manufacturing cost was calculated for each
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production capacity. Based on this, scale factors for all the cost components were developed. A

cost curve was developed to reflect the economy of scale benefits through scale-up in production.

3.2.5. System integration

Based on the calculated MSP, we extended the study to design a stand-alone grid-independent PSC
system that can self-sufficiently meet the electricity needs of an average residential home in
Alberta, Canada. An average household in Canada consumes about 11 MWh of electricity each
year [121]. To meet this requirement, we first identified the solar potential in Alberta, where the
PSC solar system will be installed. Then, we calculated the area required to generate enough

electricity to meet the household demand.

The capital cost of the PSC panels for a residential user would be the product of cost per area and
the total required area of installation, calculated in the previous step. Along with the costs of a
charge controller, battery, inverter, and overhead costs (installation), we estimated the overall

capital cost of installing PSC powered electricity system.

3.2.6. Levelized cost of electricity estimation

Figure 3.4 has the details related to designing the PSC system for residential application in Alberta,
Canada. Other important characteristics of the components used in the PSC system and their cost
estimates are provided in Table 3.7. Table 3.8 lists the materials used for mounting the panels and

their costs. The panel installation charges were estimated at $0.2/Wpc, as mentioned by Song et

al. [42].
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Table 3. 7: Characteristics of the components of the PV system

System component Characteristic Value Comments/Reference
Battery voltage 12V [111]
Depth of discharge 80% [122]
Battery efficiency 85% [123]
Battery specification 120Ah [111]
Batteries Details in
supplementary
Number of batteries 120 document.
Lifetime 10-11 years [111]
Days of autonomy 3 days [124]
Battery cost $10/unit [111]
Calculated based on a
Inverter capacity 12.5 kW factor of safety of
(rated) 25%.
Inverters String of 12 batteries
Input DC voltage 144V in a group.
Lifetime 10 years [123]
Inverter cost $829 [111]
Home/commercial
use: 144V solar
charge controller
with
Charge controllers | Equipment RS485/GPRS/WIFI [111]
144V, 28kW PV
Controller details power compatible [111]
Lifetime 5 years [123]
Cost $1,000 [111]
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Figure 3. 4: PSC system for residential application

Table 3. 8: Material and cost estimate for mounting & installing PSC panels

Activity Amount/ Cost
Material Unit Comment/Reference
desc. m? ($/unit)
Aluminum 2.84 kg 2.5
Steel 1.5 kg 0.814

Material consumption

Corrugated

panels board 0.133 ke 1.7 al. [68], cost calculations

Section bar

Mounting of estimated from Jungbluth et

from literature [111].

extrusion 3.025 kg 3

A cash flow was developed with an 11- year analysis period to calculate the levelized cost of
electricity, when the efficiency of the PSC system reaches 80% of its rated efficiency, as discussed

earlier. An annual maintenance cost of 3% of the total project investment was assumed based on
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data from Akbari et al. [125]. In general, the LCOE is the ratio of the total life cycle cost of the

PV system to the total electricity generated during this period [126].

3.2.7. Sensitivity and uncertainty analysis

A sensitivity analysis was conducted to identify the important input parameters that the output is
sensitive to. Morris’s statistical method can be used to identify these key input parameters in a
non-linear model, as illustrated by Campolongo et al. [127] This method is used when the number
of inputs is very high (as in this case) and helps to pick out the few main cost inputs that likely
have a significant impact on the output, thus needing a deeper analysis. Further, to address the

uncertainty surrounding the cost inputs, a Monte Carlo simulation was conducted.

One of the key observations of this study is the reduction in cost with an increase in production
capacity; therefore, we chose the large production capacity of 21 MW to get the benefit from the
economies of scale, for which all the data points are estimated in the developed model, for the
sensitivity and uncertainty analysis. The outputs, module manufacturing costs, and LCOE

calculated at this capacity are $0.43/W, $47.15/m?, and 11.4 ¢/kWh, respectively.

There are three reasons why sensitivity and uncertainty analyses were conducted in this study.
First, some input cost numbers were estimated from published literature and have variations.
Second, errors might be entered in the calculation of material and energy consumption for the
fabrication of the PSC modules. Third, although assumptions were made logically based on
available historical data, the inputs might be different from actual values in realistic scenarios. A

conservative approach of using uniform distributions for all the inputs was selected. Apart from
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the input parameters listed in Table 3.9, an uncertainty range of + 25% was considered for every

other input to investigate the impact of these errors.

Table 3. 9: Uncertainty range for input parameters

Parameters Unit Range Comments
3941 - Maximum and minimum insolation in Alberta,
Insolation MJ/m?*/year | 8047 Canada [73].

The highest efficiency is assumed to be the
efficiency of the individual cells (18%) [25] and
Efficiency of the lowest is 80% of the module efficiency as per
the module % 8.8-18 standards.

Location-specific. The US and Europe ranges

Performance considered in previous studies were chosen here

ratio - 0.75-0.95 [72].

MSP range obtained from the uncertainty analysis

of this study. Used as an input to calculate the

Panel cost/area | $/m? 48-68 LCOE.

Degradation

rate of the

panel Y%l/year 0.5-3 Range chosen from Song et al. [42].
Labour hourly

rate $/hour 16-22 [128].

The RUST model developed by Di Lullo et al. was used to conduct the Monte Carlo simulation
for uncertainty analysis [129]. Uniform distribution with the same range of values for sensitive
inputs was considered as listed in Table 3.9. However, for inputs with less uncertainty, a triangular

distribution in a range with values closest to the chosen input value was selected. Random samples
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were selected within the conservative distribution of the inputs and iterated 10,000 times to obtain

the final uncertainty results.

3.3. Results and Discussion

This study aims to address three different aspects of PSCs: first, the PSC panel manufacturing cost
estimate for a 3.5 MW, pilot plant set up in Canada; second, the impact of economies of scale from
increased production capacity on the manufacturing cost; third, the implications of extending the
results to calculate the LCOE of PSC-powered electricity systems for use in residential homes in

Alberta, Canada. Each point is discussed in detail in the following sections.

3.3.1. PSC module manufacturing cost

The estimated direct manufacturing costs of the reference PSC module were $80.23/m? and
$0.73/W for the base case annual manufacturing capacity of 3.5 MW,. As shown in Figure 3.5,
the dominant cost categories are material costs and labour costs, which contribute 60% and 33%,
respectively. The utility and the equipment and building depreciation costs together account for
7%. Performing calcination at a lower temperature has reduced energy consumption which in turn
resulted in lower utility costs. Similarly, if the annealing of hydrothermally grown TiO2 nanorods
is performed at lower temperatures, the whole fabrication process can be completed below 200°C,
further suppressing the module manufacturing costs. Normally, the equipment capital and building
costs would surpass the labour costs; however, this is not the case. This is because, due to the small

the production capacity, the equipment chosen is not expensive.

A detailed breakdown of the material cost is shown in Figure 3.6. Around 35% of the total material

costs are due to the FTO glass substrate preparation. FTO glass itself costs about 32% of the total
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material costs, while the solvents used to clean it (methanol and acetone) contribute the remaining
3%. The FTO glass accounts for about 90% of the total mass of the PSCs and is therefore needed
in large quantities [37], which makes it the most expensive material used in manufacturing the
PSCs through this pathway. The use of flexible substrates made of materials other than FTO glass
has been gaining traction recently [130]. This also opens avenues to roll-to-roll manufacturing,
easing large-scale production at lower costs [43]. However, on the downside, flexible polymer
substrates cannot withstand higher temperatures because of their low melting points [45]. Next to
FTO, the largest contribution associated with material costs is the perovskite precursor solution
preparation stage. Most of the chemicals in the perovskite preparation stage are used in small
quantities but are expensive. Bulk pricing is considered, where available. The top two contributors
are formamidinium iodide and methyl ammonium bromide, followed by other chemicals that make
the absorber. The materials used for the BOS come third. Aluminum, used for making frames to
provide structural support to the solar panels, is a part of the BOS that contributes the most to its
cost. Industrial aluminum is obtained from bauxite ore through the Bayer and Héroult processes,
both of which are high-temperature processes [80]; therefore, aluminum is expensive. Ethyl vinyl
acetate is used on both the front and rear ends of the PSCs and contributes to 17% of the total

material costs from BOS while glass and polyester make up 11% and 13 %, respectively.

Our study found that the materials used for the ETL and the perovskite layer add up to about 40%
of the total material costs, and the glass costs and BOS make up the rest. Use of cost curves to
predict the costs of the chemicals (such as methyl ammonium bromide and formamidinium iodide)
in this study is based on small-scale purchasing data points. Bulk-purchase pricing was not

available for these chemicals. Therefore, we chose a range of cost values for them and examined
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their impact on the manufacturing cost and LCOE while conducting uncertainty and sensitivity

analyses.

75%

50% I

25% |

Percentate contribution of manufacturing cost

0% 1 1 1 I I J

Materials Labour Equipment and Utilities
building depreciation

Key cost components

Figure 3. 5: Breakdown of the manufacturing cost of PSC modules

The manufacturing costs of cadmium telluride (CdTe) and wafer-based crystalline silicon modules
were estimated to be $86/m? and $136/m?, respectively [28, 131]. However, given that PSC
modules are not widely commercialized, and the factory capacity is small, prices are expected to
drop substantially with a higher technology readiness level and production capacity. Clearly, PSC

modules hold an edge over the above-mentioned PV technologies.
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3.3.2. Development of the scale factor and cost-curves

Figure 3.7 shows the direct manufacturing costs per area of the PSC module at different capacities.
The scale factor results indicate that with an increase in the production capacity, PSC module
manufacturing costs per unit area decline. The largest capacity investigated was 21 MW; the
manufacturing costs calculated were $47.23/m? and $0.43/W, a 41% decrease from a 3.5 MW
capacity. At more than 90%, the material and labour costs continue to dominate the overall costs.
Labour costs go down drastically when the capacity is doubled from 3.5 MW to 7 MW or higher.
This is because a minimum number of workers is needed on the production line, irrespective of
production capacity. However, employing double the number of workers may not be necessary,
should the capacity double. Hence, the material costs take up a larger share of the overall costs in
terms of percentage, though the material costs reduce considerably too. The estimated number of
workers needed on the production line is between 17 and 33 when the capacity is increased from
3.5 MW to 21 MW. However, when the capacity is doubled from the base case, the increase in the
number of workers is just 2. This causes a large reduction in the labour costs from 3.5 MW, to 7

MW,.

The utility costs remain linear throughout the analysis (about $2/m?). This is because with
increased capacities, the number of machines on the production line or the available machine use
increases proportionally, leading to a linear increase in the use of the utilities. Similarly, though
most of the materials scale up linearly, a 20% reduction in the use of solvents and a corresponding
decrease in the amount of certain chemicals (based on their molarity calculations in the solution)

leads to a decrease in the material costs. A further decrease in overall manufacturing costs is
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expected when production capacity is 100 MW or 200 MW, as they are governed largely by

material costs.
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Figure 3. 7: Cost vs capacity for PSC module manufacturing cost ($/m?)

As production capacity increases, the machine’s use of the existing equipment also increases, or
more such machines are added to the production line. Alternatively, some machines used for
smaller production output may be replaced with larger ones to cater to increased demand. Because
of these factors, the capital cost of the equipment does not scale up linearly and often economies
of scale are seen until a particular production capacity beyond which an increase has no impact
on the costs [132]. Consequently, the factory size changes, and with it the renting or building costs.
In this study, we found that a six-fold increase in production capacity to 21 MW from the base
case of 3.5 MW would only elevate the capital equipment costs by a factor of 4. Clearly, from
Figure 3.8, a scaling factor of 0.78 can be used for capital equipment cost scaling. Likewise, a

scaling factor of 0.81 may be used for material use cost scaling.
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Figure 3. 8: Capital equipment cost and estimation of the scaling factor

3.3.3. Minimum sustainable price (MSP)

The MSP was calculated to be $0.90/W at 3.5 MW and $0.53/W at 21 MW annual production
capacities for panels with 11% photoconversion efficiency. A power curve was also used to
estimate the MSP in $/W for a factory set-up with a capacity greater than 21 MW as depicted in
Figure 3.9. The values are in good agreement with those reported in the literature for perovskite
solar cells. For example, Chang et al.[28] and Song et al. [42] reported MSP values of $0.57/W
and $0.41/W, respectively. The MSP values for established PV technologies are reported to be
$0.6/W for CdTe, $0.67/W for copper indium gallium selenide (CIGS), and between $0.64 and
$0.76/W for crystalline-silicon solar PV [131, 133-135]. The MSP value calculated at a 21 MW

capacity in this study is competitive with that of other PV technologies, because of the lower
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energy consumption costs and low-cost equipment used. The values reported by Chang et al. [28]
and Song et al. [42] are for factory capacities of 100 MW and 200 MW, respectively. Using the
power curves, we found the MSP values to be between $0.2/W and $0.3/W for large capacities. If
government incentives are provided, perovskites can be competitive to commercially available
technologies for electricity generation. However, the modelling assumptions can greatly impact
the calculated MSP [136]. Therefore, we conducted an uncertainty analysis by varying the inputs

to obtain a range of MSP values.
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Figure 3. 9: Minimum sustainable price (MSP) for the PSC modules
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3.3.4. Levelized cost of electricity (LCOE)

The LCOE was found to be between 11.4 and 14.8 ¢/kWh. The initial investment cost for a
residential user in Alberta includes the costs associated with the PSC panels, batteries, inverter,
charge controller, mounting, and installation. These costs were estimated as explained in sections
3.2.5 and 3.2.6. The PSC module cost was calculated by considering the MSP and PSC solar
system rating of each house and is between $5655.21 and $9592.96, depending on the supplier’s

plant capacity.

In addition to the initial capital cost, the yearly maintenance costs and the charge controller
replacement at the end of its lifetime were included. However, in this analysis, the advantage to
the customer of not paying the electricity bills each year as a result of PSC system installation is
considered as a yearly revenue. Under this consideration, the breakeven electricity cost is
calculated to be $0.23/kWh. The average subsidized electricity price in Canada is $0.174/kWh
[137]. Therefore, government subsidies would be helpful to promote PSC electricity generation

systems in homes in Canada.

3.3.5. Sensitivity and uncertainty analyses

The important inputs impacting the module manufacturing costs and LCOE are shown in Figure
3.10. The Morris mean presents the variation of the output as the inputs sway from their minimum
to maximum values. Morris’s standard deviation is the extent to which the output deviates for
every change in the input. Parameters in the top right corner of the figure are considered extremely

sensitive.
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Figure 3. 10: Sensitivity results for outputs — a) $/W, b) $/m?, ¢) LCOE

The $/W MSP values are highly sensitive to the efficiency of the module. However, the $/m?
values are not impacted by the module efficiency. Therefore, most studies present results per unit
area, as the module efficiencies are not certain at this stage. The other common inputs affecting
the module costs are the FTO cost and labour requirements. This is because the material and labour
costs dominate the module cost, with FTO glass cost being a major contributor to the material
costs. The LCOE costs are largely dependent on the insolation, efficiency, and degradation rate of
the panels. As more of the sun’s energy becomes available to generate electricity, the LCOE rates
fall. Considering the wide range of available insolation in Alberta, the results show that the LCOE

can change by + 5 ¢/kWh. Further, since the degradation rate is inversely proportional to the
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module lifetime, the efficiency and lifetime of the PSC modules play a pivotal role in determining

the LCOE costs.

The uncertainty analysis distributions are shown in Figure 3.11. The average of the module
manufacturing costs obtained from iterations is $0.4/W and $47.5/m?. With all the other inputs
unaltered, module efficiency alone can sway the $/W values from $0.28-0.5/W. A 21 MW capacity
production line with 27 workers paid $17/hour can lead to the lowest module manufacturing cost

of $40/m>. A further increase in production capacity can bring down overall manufacturing costs.

Under this manufacturing setup, the LCOE costs, though ranging between 7 and 17 ¢/kWh, did
not exceed 13¢/kWh in 90% of the cases. We found that the LCOE can reach economical values
of 7 ¢/kWh when any two of the three important inputs (insolation, module efficiency, and

lifetime) are at their maximum.

Replacing aluminum with nickel as the back electrode had little to no impact on the costs of the
module, though nickel is 6 to 8 times more expensive than aluminum [111]. This observation can
be attributed to low quantities of the metals used during magnetron sputtering for the formation of
thin films on the substrate. Therefore, it is preferable to use nickel over aluminum as nickel
promises higher work function and performance, while increasing the LCOE at the most by

0.2¢/kWh as per the uncertainty analysis conducted.
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3.4. Conclusion

The electricity cost from PV systems has remained significantly higher than that from conventional
fossil fuels, despite significant advancements in the PV industry over the past few decades. To
bring down this cost, research has shifted toward new materials that are cost-effective, efficient in
harnessing the sun’s energy, and stable. Perovskite solar cells are among the promising future
energy systems as they provide high photoconversion efficiency. Because this technology is new,
many studies have examined their stability aspects and reported positive results. The primary
purpose of this paper was to develop a bottom-up cost model to evaluate the economic feasibility
of TiO2 nanorod-based PSC technology, fabricated using a unique pathway with materials and
fabrication processes selected to optimize cost with efficiency. This study examined the effect of

varying the production capacity on the manufacturing cost and developed scale factors for the
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individual cost components contributing to the overall module costs. A stand-alone electricity
system with PSCs was designed to calculate the LCOE, based on the manufacturing costs
estimated. The MSP values calculated were $0.53-$0.9/W, which is comparable with
commercialized PV technologies. The scale factors developed for the material and capital costs
(equipment and buildings) were 0.81 and 0.78, respectively. Because most of the PSC
manufacturing cost is from the cost of materials, scaling up the manufacturing would bring down
the fabrication costs. Meanwhile, utility costs remained linear. FTO-coated glass substrates,
formamidinium iodide, and aluminum used in various phases of fabrication of the PSC panels

contributed to about 70% of the overall material costs.

The LCOE for this method of electricity generation was between 11.4 and 14.8 ¢/kWh, based on
the MSP of the supplier. The LCOE was found to be extremely sensitive to insolation, panel
efficiency, and lifetime. Provided the efficiency and lifetime are improved in future, LCOE values
will drop drastically. Furthermore, the LCOE range represents factory production capacities of 3.5
- 21 MW. With larger factory throughput, the MSP of the supplier reduces, bringing down the
LCOE. Therefore, PSCs are economically feasible alternatives. The sensitivity results suggest that

the LCOE depends on the insolation, module lifetime, and efficiency.

To summarize, we found that increased manufacturing plant capacity can considerably bring down
production costs. Even at a capacity of 21 MW, the MSP and LCOE from PSC technology were
found to be competitive with other established PV technologies, implying perovskites can be
effective alternatives soon. Replacing costly materials and ineffective processes can further bring
down the PSC production costs, thereby promoting their commercialization. Increasing the

efficiency and the lifetime of PSC modules is necessary to realize extremely low costs.
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Chapter 4: Conclusion and Recommendations

4.1. Conclusions

Past and present energy systems have presented us with a variety of challenges that need to be
addressed to ease the transition to a low-carbon economy. The reliance on fossil fuels for energy
must be reduced to mitigate climate change impacts. This transition can happen if the global focus
on energy systems shifts towards renewable energy sources, for example, solar energy that is
abundant, clean, and easily available. Numerous technologies have been developed to harness solar
energy and convert it to useful forms. The primary challenge these technologies pose is high cost
and low conversion efficiency. Furthermore, solar energy is intermittent in nature; therefore,

energy storage systems are necessary.

The perovskite solar cell (PSC) is a technology under development and has the potential to be
commercialized in the foreseeable future. Superior photoconversion efficiencies in PSCs have
been recorded in laboratory conditions. The cost of PCSs is expected to be low because they are
made with low-cost materials. Further, PSC architectures using titanium dioxide (TiO2) nanorods
are proven to have a high photoconversion efficiency. This thesis aims to develop information for
policymakers on the environmental and techno-economic performances of TiO2 nanorod-based
PSCs. Life cycle assessment (LCA) and techno economic assessment (TEA) were used to meet

the aims of this study.

The LCA study provides insights into the overall environmental performance of TiO> nanorod-
based PSCs with an emphasis on GHG emissions and energy consumption throughout the PSC life

cycle. A bottom-up LCA model was developed for this analysis considering the life cycle
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inventory data associated with raw material extraction, PSC fabrication, panel production and

assembly, mounting, and end-of-life phases of the PSCs.

The result indicates that more than half the GHG emissions (56%) associated with the life cycle of
PSCs were related to the balance of the system (BOS) and assembly phase, as shown in Figure 4.1.
The key contributors from this phase were the materials used for module assembly, mounting, and
inverters. Aluminium, used for panels and mounting, was the single largest contributor, causing
24% of the GHG emissions. The perovskite production phase contributed 36% of the GHG
emissions. In most of the earlier studies, only these emissions were accounted for, as BOS and

end-of-life were excluded from their system boundaries.
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Figure 4. 1: GHG emissions distribution across the key lifecycle stages of the PSC
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The scope of research was extended to understand the benefit of recycling and reusing some key
components of PSC architecture that are detrimental to PSC environmental performance. A three-
time reuse of FTO glass and gold together contributed to less than 4% of the total GHG emissions

associated with the PSC life cycle, which is a significant reduction.

Two energy performance indicators, energy payback period (EPBT) and net energy ratio (NER),
were calculated to be 0.97 years and 3.1, respectively. The shorter EPBT shows that PSCs can pay
back the energy consumed during their life cycle quickly. Similarly, the NER showed that PSCs

generate three times more energy than what they consume throughout their life cycle.

Sensitivity analysis results suggest that EPBT and NER are highly sensitive to solar insolation and
cell efficiency. That is, if a high-efficiency PSC system is installed at locations with maximum
solar insolation, the lowest EPBT and highest NER can be achieved. The NER is also sensitive to

the lifetime of the PSC.

The TEA was conducted by developing a pathway to fabricate TiO2 nanorod-based PSCs using
low-cost materials and scalable processes for mass production. A bottom-up techno-economic
model was developed that included all the input materials and energy used to fabricate PSC
modules at a base case factory capacity of 3.5 MW, per year. The overall manufacturing cost of
the reference PSC module was estimated to be $80.23/m? and $0.73/W. The material costs
contributed to about 60% of this cost, as shown in Figure 4.2. FTO glass, on top of which multiple
chemical layers are deposited during the fabrication of PSC modules, was found to be the most

expensive material used.
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Figure 4. 2: Manufacturing cost breakup ($/m?) — Fabrication of PSC modules

A cost-capacity relationship was derived to understand the impact of increased factory production
capacity on manufacturing costs. A cost vs capacity curve was developed for capacities between
3.5 MW (base case) and 21 MW, as shown in Figure 4.3. It was seen that the manufacturing costs
declined by 41%, to $47.15/m? at 21 MW capacity. Material costs and capital costs (both
equipment and building, together) had scale factors of 0.81, and 0.77, respectively, indicating a

clear reduction in manufacturing costs with capacity.

The minimum sustainable price (MSP), also the minimum selling price for business break-even,
was found to be between $0.5/W and $0.9/W as the plant annual output was varied from 3.5 to 21
MW, A power curve was developed to predict the MSP for capacities over 21 MW. The MSP is
expected to decrease further with an increase in the plant production capacity and would have an

impact on the cost of electricity produced using PSC modules.
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The levelized cost of electricity (LCOE) was found to be in the range of 11.4 and 14.8 ¢/kWh. The
Sunshot 2020 target LCOE for PV technologies is 7 to 9 ¢/kWh. With a decline in the MSP and
improvement in panel efficiency and stability, achieving this target may not be difficult.
Furthermore, the LCOE of utility-scale PV systems currently is 3.4 — 6 ¢/kWh. These are
subsidized rates relying on government incentives and, therefore, commercializing PSC modules
for installation at residential homes may be feasible if government incentives to promote green

technologies is available.

Sensitivity and uncertainty analyses were performed for the TEA study, too, to identify the key
input parameters that have significant impacts on the output and to obtain a range of results
(through a Monte Carlo simulation), respectively. The sensitivity results suggest that the LCOE
depends on the insolation, module lifetime, and efficiency. Uncertainty analysis showed that with
two of these factors at their maximum (from the range chosen), the LCOE can reach as low as 6

¢/kWh. MSP is sensitive to the cost of FTO glass, FAI and aluminum, among the materials, apart
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from the labour costs. It was seen that, at 21 MW, an optimized number of workers can be used,

and their wages can lead to an MSP of $40/m?.

4.2. Recommendations for future work

Further research is recommended in the following areas:

The PSC production pathway includes the use of several materials and processes. The LCA
results obtained in this research are specific to the set of materials and processes used.
However, to ensure a lower fabrication cost without compromising the efficiency of the
PSCs, some of these materials and processes were replaced for the TEA based on the LCA
results and published data. With this modified production path, LCA can be conducted to
determine the change in the environmental performance of TiO; nanorod-based PSCs.
The GHG emissions related to the transportation of raw materials to and from the
production site are out of scope of this research; however, including them in the system
boundary may lead to a more robust analysis. The LCA data for the BOS was taken from
a study on commercialized silicon PV cells. Updating the model with PSC-specific real
data, will lead to a more precise calculation of the environmental performance of this
technology.

In this research, the PSC module cost was estimated based on a plant capacity of 3.5 MW,
The results were, however, extended to other plant capacities with a focus on every cost
component up to 21 MW, and cost curves were developed for even higher capacities. The
scale factors were developed for various components. More research efforts can be
dedicated to extending the work done in this study to include the concept of diseconomies

of scale.
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The cost estimation model developed for this thesis suggests the feasibility of using PSC-
based electricity generation systems for houses in Canada. However, government
incentives would make commercialization easier. Future work can be directed towards
understanding government policies and providing valuable input to policymakers
regarding what governments can do to promote green technologies in Canada.

Given the current stability and lifetime issues surrounding this technology, other effective
short-life applications of PSC-based power production can be explored by slightly altering

the cost estimation model developed.
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A1l. Material mass calculations:

Appendix A

The material masses used in calculations were obtained from the laboratory data and other

literature sources. Further details are presented in the table below. Note that, the conversions are

made to account the material usage related to producing 1 kWh of electricity for an Alberta

consumer in Canada. Also, ‘a piece’ refers to an FTO glass slide of dimensions 2.5cm X 2.5cm.

Table A1: Material mass calculations from laboratory data

Mass Ofthe
Sub-step Material (g/ kWh) liquid (g/ml) Remarks
3 pieces weigh
FTO coated 10.598g all
FTO Glass glass slides™ 2.5E+0 together
Preparation 0.7845 10ml for 9
Acetone 2.0E+0 pieces used
10ml required
Methanol 2.0E+0 0.7914 for 9 pieces
10ml required
DI water 2.6E+0 1 for 9 pieces
TiO2 deposition | Titanium (IV) 0.96 10.05 pl per
iso propoxide 2.2E-2 piece
1 M HCI 53E-3 1.18 1.95 ul per piece
iso propanol 2.5E-1 0.785 138 pl per piece
1.18 2.5ml for two
TiO2 nanorods HCI (37%) 3.4E+0 pieces
growth Glacial Acetic 1.049 2.5ml for two
acid 3.0E+0 pieces
1 5ml for two
DI water 5.6E+0 pieces
0.99 600 pl for two
TBO 6.8E-1 pieces
1 Tap water.
Drying and post Estimated from
treatment DI water 5.1E-3 [34]
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Mass

Density

. Of the
Sub-step Material (g/ kWh) liquid (¢/ml) Remarks
Flowing [34]
nitrogen 7.1E-2
40mM in 200 ml
TiCl4 3.9E-1 for 9 pieces *.
0.2Min 1 ml
solution for 5
MABr 1.0E-2 pieces
Perovskite 1.1 Min 1 ml
Deposition solution for 5
FAI 8.7E-2 pieces
0.22Min 1 ml
solution for 5
PbBr 3.7E-2 pieces
1.1IMin 1 ml
solution for 5
Pbl 2.3E-1 pieces
0.944 0.8ml for 5
DMF 3.5E-1 pieces
1.1 0.2ml for 5
DMSO 1.0E-1 pieces
Chlorobenzene 2.5E-1 1.1058 0.1 ml per piece
Spiro- 35mg for 10
OMeOTAD 8.1E-3 pieces
HTL Deposition | Chlorobenzene 2.5E-1 1.1058 0.1ml per piece
4-tert- 0.923 14 pl for 10
butylpyridine 3.0E-3 pieces
0.782 17.5 pl for 10
Acetonitrile 3.2E-3 pieces
Lithium bis
trifluoro 4.4mg for 10
methanesulfonyl pieces
-imide 1.0E-3
Thermal
evaporation of 0.4g gold for cell
Gold dimensions of
Gold* 7.1E-4 0.5cm X 0.5cm
10.1kg for a
square meter
Manufacturing solar panel as
solar panels ¥ Glass-low iron 1.5E+1 top cover
Wire drawing, 0.113 kg copper
copper 1.6E-1 wires for a
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Density

Mass
. Of the
Sub-step Material (g/ kWh) liquid (¢/ml) Remarks
square meter
solar panel
2.63 kg fora
square meter
solar panel for
the edges
Aluminum alloy 3.8E+0
lkg for a square
meter panel for
front & back of
Ethyl vinyl solar cells
acetate 1.4E+0
0.373kg for
bottom cover per
square meter
Polyester 5.4E-1
0.11kg for
bottom cover per
Polyvinyl square meter
fluoride 1.6E-1
0.013kg used as
Acetone 1.9E-2 cleaning fluid
2.16g used per
Methanol 3.1E-3 square meter
Propanol 1.2E-2 Soldering flux
Aluminum for 2.84kg per
mounting sys. 4.1E+0 square meter
Mounting on 1.5kg per square
structures Steel 2.2E+0 meter
0.133kg based
Corrugated on a correction
board 1.9E-1 factor of 1.54/m?
Plastics(polyethy 1.4g per m?
lene) 2.0E-3
7.02g per square
Polystyrene 1.0E-2 meter
0.682 kg for
Making Aluminum alloy 5.5E-1 500W inverter
necessary Copper 1.6E-3
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Mass

Density

. Of the
Sub-step Material (g/ kWh) liquid (¢/ml) Remarks
connection
(Inverters) Low alloyed 7.8g per S00W
steel 1.1E-1
Corrugated 1.12kg per
board box 7.1E-1 S00W
Capacitor, 0.054kg per
electrolytic 4.3E-2 S00W
. 0.072 kg per
Capacitor, film 58F. 500W
. 0.0048kg per
Capacitor, CMC 3.9E.3 500W
Acrylonitrile 0.148kg for a
ABS polymer 1.2E-1 S00W
Transformer 2 5E-1 0.3 lkg for S00W
68g for a 5S00W
Polycarbonate 5.5E-2 inverter
14g per square
meter per SO00W
Polyethylene 1.1E-2 inverter
Polyvinyl 2g per S00W
chloride 1.6E-3
1.1059 Width of the
FTO glass is
Disintegration 0.22cm. Mass is
approximated to
immerse the
sample
completely in
Chlorobenzene 3.5E+0 chlorobenzene.
Nitrogen stream 7.1E-2 [34]
1 To remove
perovskites
leaving behind
Deionized water 3.2E+0 Pbl,
Recycling the DMF 3 0E+0 0.944 To dissolve Pbl;
cells (Cleaning) 0.944 To clean the
DMF 3.5E-1 glass substrate
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¥ All molar conversions to mass: M x V x molecular weight where M is the number of moles, V is
the volume of the solution in liters & molecular weight is in grams. Mass, thus obtained, is in

grams.

*Further, 3-time re-use of the valuable materials considered. Mass calculations done as per [77]

¥ All the information related to panel production, mounting systems and inverters from [68].

A2. Inventory development
The embedded energy consumption and emissions associated with materials used in manufacturing
the perovskite solar cell (PSC), when unavailable, is derived based on stoichiometric relationships,

solubility, output yields, mass allocations.

A2.1 Inventory for 1kg of Titanium (IV) isopropoxide (TTIP)
The inputs for 1 kg of TTIP are obtained partially from the supplementary information provided
by [37]. The electricity, steam and other utility usages are approximated as mentioned in [138].

Mass allocation is done considering HCI to be a major by-product.

Inputs Mass Unit
Iso-propanol 0.9194 kg
TiCly 0.7255 kg
Electricity 2.85 MJ
Steam 4.45 kg
Nitrogen 0.23 kg
Cooling water 400 kg

Products

TTIP 1 kg
Waste 0.65 kg
HCI 0.513 kg
Total mass 1.513 kg
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A2.2 Inventory for 1kg of Titanium (IV) n-butoxide

The inputs for 1kg of TBO are based on the stoichiometric relationships established in [139]. Other
approximations are done as per [138]. A mass yield of 0.82 was assumed, with ammonium chloride

as the by-product.

Inputs Mass Unit
TiCly 0.670732 kg
n-butanol 1.060976 kg
Ammonia 0.199 kg
Electricity 2.85 MJ
Steam 4.45 kg
Nitrogen 0.23 kg
Cooling water 400 kg
Products
TBO 1 kg
NH4Cl 0.63 kg
Waste 0.300707 kg
Total mass 1.63 kg

A2.3 Inventory for 1kg of Methylammonium Bromide (MABr)

The embodied primary energy and emissions associated with 1 kg of MABTr is obtained based on
the input data available in the supplementary information document provided by [140]. The

inventory table is presented below.

Inputs Mass Unit
Methylamine 0.277 kg
Ho 0.008936 kg
Bromine 0.714 kg
Methanol 0.4155 kg
DI water 0.7832 kg
Ethanol 0.0111 kg
Diethyl ether 0.01 kg
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Inputs Mass Unit
Electricity 143.1 kWh
Product
MABr 1 kg

A2.4 Inventory for 1 kg of Formamidinium iodide (FAI)

The inventory for 1kg of FAI is again obtained from [140]. The inventory table is presented below:

Inputs Mass Unit
Hydrogen cyanide (HCN) 0.1572 kg
Hydroxyl amine 0.1921 kg
Acetic anhydride 0.2968 kg
Hydrogen 0.005815 kg
lodine 0.7379 kg
DI water 0.424 kg
Diethyl ether 0.1016 kg
Methanol 0.838 kg

Electricity 197.79 kWh

Product

FAI 1 kg

However, since the data for HCN was unavailable, data obtained based on stoichiometric

relationships as represented in [141].

Inputs Mass Unit
Methane 0.5919 kg
Ammonia 0.63004 kg
Oxygen/compressed air 1.776 kg
Steam 4.45 kg
Nitrogen 0.23 kg
Cooling water 400 kg
Electricity 2.85 MJ

Product

HCN 1 kg
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A2.5 Inventory for 1 kg of Lead bromide (PbBr)

The cradle to gate energy consumption and emissions associated with producing 1 kg of PbBr is

obtained based on the life cycle inventory available from [38]. Basically, this inventory is modelled

from [138].

Inputs Mass Unit
Lead nitrate 0.71 kg
Potassium bromide 0.98 kg
Electricity 2.85 MJ
Steam 4.45 kg
Nitrogen 0.23 kg
Cooling water 400 kg
De-ionized water 4.5 kg

Product

Lead bromide 1 kg

However, since the inventory related to production of potassium bromide was not available, the

reaction between potassium hydroxide and bromine was considered and the inventory was

developed stoichiometrically, with yields and other common data of nitrogen and cooling water

use coming from [138].

Inputs Mass Unit
Bromine 1.46 kg
KOH 1.02 kg
Electricity 2.85 MJ
Steam 4.45 kg
Nitrogen 0.23 kg
Cooling water 400 kg
De-ionized water 4.5 kg

Product

KOH 1 kg
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A2.6 Inventory for 1 kg of Dimethyl sulfoxide (DMSO)

The industrial manufacturing of DMSO is by catalytic oxidization of DMS [142]. The masses of
the reactants were stoichiometrically calculated with other relevant information extracted from

[138]. The inputs for production of 1 kg of DMSO is presented in the table below.

Inputs Mass Unit
DMS 0.864 kg
Oxygen 0.111304 kg
Steam 4.45 kg
Nitrogen 0.23 kg
Cooling water 400 kg
Electricity 2.85 MJ

Product

DMSO 1 kg

A method to recover and re-use DMSO from industrial water through distillation was elaborated
by [143]. Note that the GWP is taken from the mentioned study for 1kg of DMSO while the
cumulative energy demand from cradle to gate is derived based on the data presented in the table
above. Additionally, since the data for production of DMS was unavailable too, the same was
modelled using [138]. The reaction between methanol and hydrogen sulfide, termed as thiolation,

was used to estimate the masses of the inputs to produce 1 kg DMS [144].

Inputs Mass Unit
Methanol 1.122 kg
Hydrogen Sulfide 0.597 kg
Electricity 2.85 MJ
Steam 4.45 kg
Nitrogen 0.23 kg
Cooling water 400 kg

Product
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Inputs Mass Unit
DMS 1 kg

A2.7 Inventory for 1 kg of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)

The inventory for producing 1kg of LiTFSI was obtained from [145]. The data utilized is presented
below. Due to lack of data, few materials were replaced with equivalent materials while calculating

the GWP and cumulative energy demand for 1 kg of LiTFSI.

Inputs Mass Unit Remarks
SO 0.718 kg
Cl 0.796 kg
CH4 0.165 kg
Hydrogen Fluoride 1.893333 | kg Replaced with HCI1
Silica 1.343 kg
CHzCl 4.442 kg Replaced with chloroform
NH; 0.56 kg
CH30Na 0.224 kg
H>S04 0.383 kg
Li,COs 0.131 kg | Obtained from the GREET model 2018
Solvent use 0.251 kg Acetone considered
Steam 37.977 kg
Electricity 42.331 MJ
CH4 Emission 5.21E-05 kg
Product
LiTFSI 1 kg
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Appendix B

B1. Calculation of PSC panel area required to generate enough electricity for

household needs in Alberta, Canada.

The following equation, from Monteiro Lunardi et al. [39] was used to calculate the required panel

arca.

Eout

A= 1XPRX7

Equation (B1)

where A is the required area in square meters, / is Alberta’s average solar insolation, PR is the
system performance ratio, and 7 is the photoconversion efficiency of the PSC modules. An average
insolation value of 1513.5 kWhm?yr'! was calculated for Alberta based on data from the literature
[73]. This dataset provides monthly insolation data for every municipality across Canada. The
system performance ratio is location-specific: 0.75 and 0.95 for Europe and USA, respectively,
were used in an earlier study [72]. The average, 0.85, was used in this study. The geometric fill
factor of the solar modules being manufactured is 70%. Therefore, the panel efficiency is 11%. An
annual degradation rate of 2% per year was assumed, bringing the efficiency of each panel to 80%
of its rated power in 11 years. As per industry norms [28], the system cannot be used beyond this
and hence was fixed as the lifetime of the PSC system. Since the system needs to produce the
average electricity requirement of 11 MWh each year throughout its lifetime, we considered the
overall efficiency to be 8.8% for all the calculations throughout the analysis period. Using

Equation 1, we calculated the area to be 97 m?.

B2. Battery, inverter and charge controller requirements for residential use in

Alberta, Canada
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Batteries are used to store energy and cater to the electricity needs of the house when no solar
radiation is available. Proper sizing of the batteries is of paramount importance. The battery

capacity (ampere hours, or Ah) was calculated from Equation 2, from Rahman et al. [123]:

DXE

Ah = ————
DOD XncXV

Equation (B2)

where D is the average daily consumption, £ is location-specific days of autonomy, DOD is the
depth of discharge of the battery, 7. is the efficiency of charging, and 7 is the nominal voltage of
each battery. The average daily consumption was estimated from the annual consumption of
electricity per house in Canada, the days of autonomy is 3 for Canada [124], and the depth of
discharge and the efficiency of charging were assumed to be 80% and 85% [123, 146] respectively.
Nominal voltage of the selected lead-acid batteries is 12V [111]. Additionally, for a 30% factor of
safety, 120 small-sized batteries, each of 120Ah and 12V, are needed to meet the system

requirements.

Inverters are used to convert the direct current (DC) output of a PSC system to alternating current
(AC). As per a general rule of thumb, inverters must be sized to match the DC rating of the solar
panel system [147]. Based on the total area occupied by the PSC panels and their power rating, the
PSC system rating was calculated to be approximately 10kW. With a safety factor of 25%, the
inverter capacity was designed to be 12.5 kW. Charge controllers are essential to prevent over-
charging or over-discharging the batteries [ 148]. Thus, the choice of the charge controllers depends

on the battery group voltage, short circuit current, and rated power of the PV system [148].

B3. Input details for Nickel substitution of Aluminum as electrode
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To better the performance of the PSC panels by using nickel as the back contact, that promises

higher work function close to gold, aluminum use was replaced with nickel based on the

following considerations listed in table B1.

Table B1: Input considerations for Nickel as a replacement for Aluminum

Number | Parameter Value Comments/ Reference
Work
function - This work function is close to that of gold [108];
1 Nickel 5.04 eV therefore, nickel can be a good replacement.
Nickel cost Nickel is about 6-8 times expensive than aluminum
2 ($/kg) 20 [111].
Nickel cost
range 15-25
3 uncertainty ($/kg) A £25% range considered for sensitivity analysis.
Uncertainty
4 distribution Triangular
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