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Abstract - Laundering clothes by consumers is paramount for maintaining health and hygiene. Drying of clothes is a crucial part of
laundry, and in most developing countries this means spreading clothes on lines to be dried by the sun, or passive outdoor drying (POD).
However, due to urbanisation and the proliferation of condos there is little room for sun drying clothes. Additionally, electric washing
machines and clothes dryers have become commonplace in many modern homes, however, they consume enormous amounts of energy
when drying clothes. Moreover, most families in under-served countries often cannot afford exorbitant electricity bills making these
methods to domestic laundry not sustainable. With the continued drive for sustainable living, there is a need for energy conservation
alternatives. In other related research work solar energy has been applied in agriculture for drying and preserving food, in electricity and
lighting using Photovoltaic (PV) cells, and for heating via radiation. This article explores an alternative for domestic laundry with solar
energy, harnessed heat and related technologies. This work does not rely solely on PV cells to generate electrical energy to power heaters,
rather we borrow from the food drying process used in agriculture. This entails combining solar concentrators, which focus the sun’s
energy into a chamber, with a system that channels household heat sources into the same chamber. Within this chamber clothes are hung
using smart clothes pegs, which hold the clothes in place. The pegs also measure the moisture level of each garment, then use the telemetry
data to control the heat within the chamber. Using these combined systems, enormous amounts of grid electricity and carbon-dioxide
emissions can be saved. Actor Network Theory (ANT) and relevant adoption models and theories will investigate consumer adoption
and how this technological design is shaped by encompassing socio-cultural factors and physical realities.
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1. Introduction

Clean clothes can be associated with good hygiene however, the process of removing dirt from clothes through manual
hand-washing can be tedious. To this end, washing (and drying) machines were invented. These machines, though helpful,
can be detrimental to the environment in general, as they often require a lot of energy to run, hence they are not very
sustainable. With the continued rise in global temperatures (leading to extreme weather) and a similar increase in energy-
related greenhouse gas (GHG) emissions, as reported in the United Nations’ Sustainable Development Goals report of 2022
[1], there is a need to take decisive actions.

Laundering clothes using machines typically includes three major phases — washing, rinsing, and drying. Though
washing and rinsing also consume energy, they are not the focus of this paper, as there are numerous published articles on
these. Moreover, the past few decades have seen several innovations aimed at improving this phase and making it more
sustainable. Some of these include, the use of eco-friendly detergents and soaps which require less water to rinse off, washing
with different water temperatures [2] and at varied times of the day [3], and the use of energy efficient (Energy Star rated)
washing machines. This work rather focuses on the drying phase of laundry.

Recent studies have shown that the process of drying clothes alone, using electric dryers, accounts for up to 75% of the
total energy consumption in laundry processes [2]. According to TopTen.eu, on average an 8kg residential tumble dryer,
with an A-class efficient condenser, consumes about 185KWh of energy annually [4]. These figures are approximately the
same for both gas and electric dryers, with the former providing only marginal energy savings [5],[6]. Efforts have been
made to improve clothes dryer technology, most of which are complementary rather than true alternatives. For instance,
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certain dryers have moisture sensors fitted in them which measure the moisture content of clothes and adjust the heat levels
accordingly. Other dryers first spin the clothes before the drying process begins, while others incorporate a system of heat
recovery that reuses the hot air exhausted from the dryer in subsequent drying cycles. The heat recovery system has been
reported to yield significant energy savings [6],[7].

Spreading clothes on lines to be dried by the sun, or passive outdoor drying (POD), is possibly the cheapest way to dry
clothes. With POD, there are no costs required to run (and maintain) electric or gas powered components. It is also arguably
the most sustainable way of drying clothes, with minimal environmental impact and the lowest level of GHG emission.
Despite these advantages, POD has several demerits, some of which are: (i) the negative aesthetic of having clothes hanging
on lines especially in urban cities; (ii) water dripping from wet clothes might run on the building walls and affect the overall
beauty or paint work over time; (iii) the need for open space to run the clothe lines, which is a scarce commodity in urban
areas with multi-storey condominiums; (iv) the length of time it takes to dry clothes; and most importantly, (v) the
dependence on uncontrollable weather conditions.

Seeing that both technology-based drying solutions (using dryers) and the classic POD both have their demerits, this
article proposes a conceptual model for drying clothes that considers the best of both worlds. The model utilises composite
heat energy sources to dry clothes. This conceptual model is presented in section 3, right after a review of related works in
section 2. In section 4, a discussion on potential consumer adoption of this technological solution is done, while the last
section concludes the paper.

2. Related Works

In a Swedish study [8], the authors explored the shift from a communal style of laundry, wherein multiple apartments
share a common laundry facility, to in-unit laundry system, where each apartment has its own washing machine and dryer.
The article focused on the energy impact of this shift and compared both models from the viewpoints of the number of
laundry appliances, energy consumed per appliance use, and how much appliances are used. They concluded that consumer
behaviour greatly affects energy consumption. In-unit facilities could encourage frequent laundering, hence increasing
energy consumption, however, doing laundry during off-peak hours or using half-load settings could be beneficial. A
comparison of energy consumption of different models of clothes dryer was done [5]. The conclusions drawn by the author
were that (i) not all dryers are the same; (ii) the remaining moisture content (RMC) was the most important factor that
determined energy consumption of dryers; and (iii) the use of moisture sensors within dryers can help reduce energy wastage.
In a similar work [6], comparisons were made of three types of clothes dryers — electric, gas, and heat-pump, using various
metrics. They concluded that the gas dryer had the highest moisture extraction rate, while the heat-pump dryer was the most
energy efficient. Some authors [9] used solar panels to directly power several heater fans installed in a clothes drying cabinet.
They reported that the solar powered dryer could dry certain types of clothes in less than an hour. Ambarita, et al. [10]
considered the efficacy of a clothes drying cabinet that used waste heat from a residential air-conditioning unit (RAC). They
fabricated two types of cabinets — single and multi-inlet and concluded that the multi-inlet was better for drying 6 - 8 kg of
clothes. Other researchers have also considered the reuse of waste heat from RACs for drying multiple items including food
and clothes, some of which were reviewed in their work [11].

There are various models and theories for explaining how people adopt and accept technologies of various types. Some
of these are: UTAUT factors, Davis’s technology acceptance model, Theory of Reasoned Action, Theory of Planned
Behavior, Innovation Diffusion Theory, Actor Network Theory, Social Construction of Technology theory and others. Many
empirically researched models such as TRA, TPB, and IDT have evaluated end users’ innovation adoption behaviour. A
singular model or theory however may not be sufficient to explain the many variables influencing consumers to adopt the
novel technologies described in this paper. A framework consisting of various elements is likely needed to investigate
consumer adoption and how the proposed technological design is shaped by physical realities, socio-cultural, and even
political factors.
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3. Conceptual Model

With the demerits of electric and POD clothes dryers presented in section 1, there is a need for sustainable and
economically viable alternative(s). At first glance, a seemingly reasonable alternative might be to consider powering clothes
dryers with renewable energy sources, such as solar panel / Photovoltaic (PV) cells or wind turbines; however, energy
produced from these sources are transient in nature and not available on demand. Though batteries can be used to store
generated energy, the cost implication of installing PV cells and/or wind turbines as well as battery banks capable of powering
a clothes washer and dryer system, that can consume up to 5 KW of power, is prohibitively expensive.

As a potential alternative, this paper proposes a variant of the heated drying cabinet. A heated drying cabinet is an
enclosed chamber, usually in the shape of a cupboard, within which laundry is hung and air is passed through [7]. The heating
cabinet can essentially be considered an enclosed clothes dehumidifier. The application of heating cabinets to dry clothes is
not new with many being powered by electricity or reusing hot air from RACs. In this work, we propose the uses of composite
heat sources instead of electricity or RACs for our Hybrid Heated Clothes Drying Cabinet (HHCDC).

3.1. Model Assumptions

This work assumes that (i) the proposed HHCDC is to be used in a residential building, probably a bungalow; (ii) the
building has an attic space in the roof with easy access to the attic; (iii) the roof has a glass door/window through which
sunlight can enter the attic; (iv) hot air would naturally rise to the roof.

It is important to also note that no prototype was built nor were engineering calculations or analysis carried out in this
work. This is simply a conceptual model which could hopefully be explored further in the future.

Numerous appliances within a household generate heat. These might include cookers (using any source of heat), pressing
irons, a kettle, room heaters, electrical appliances (televisions, computers, incandescent light bulbs, etc.) and even body heat
from humans and pets. This heat energy warms the ambient air, causing it to rise up towards the roof attic, essentially making
the attic the hottest part of the house and an ideal location to install the HHCDC.
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Fig. 1: Layout of the proposed Hybrid Heated Clothes Drying Cabinet

Figure 1 is a high-level depiction of the HHCDC’s schematic. In the figure, the primary components of the cabinet are
labelled as follows:

H = Hot air in the attic as a result of various activities and appliances in the house. C = An enclosed insulated chamber
with a line (L) to hang clothes on. L = Swivelling clothesline that can turn up to 180° ensuring that all sides of the hung
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clothes are equally exposed to the heat. The swivelling can be achieved using a solar powered servo motor. P = Smart pegs,
which serve dual purposes of holding the garments in place and monitoring moisture level to determine when to activate to
turn the swivel line (L) and/or switch off the fans (F). F = 5v or 12v fans to pull hot air from the attic into the chamber C.
These fans can be powered by a small PV panel or mobile phone charges. S = Sun rays coming in from the glass door /
window on the roof. R = a curved reflective mirror acting as a solar concentrator to focus the sun rays (S) into the enclosed
chamber C. G = Transparent glass top to allow sun rays (S) into the chamber.

The notion of hybrid as used in the HHCDC stems from the system’s use of multiple energy sources. The system uses
heated air from composite sources as the primary means of drying clothes and concentrated sun rays as a secondary. By
incorporating these alternatives, the HHCDC is impervious to weather conditions and day/night cycle, thus overcoming the
major challenge of POD. Furthermore, the fans and the swivel motor (servo), which are the only components that need to
be actively powered, have a low energy footprint and can be powered from solar energy or the grid. This small energy
footprint gives the HHCDC a significant edge over electric/gas dryers. Finally, the inclusion of smart pegs helps to further
reduce the energy footprint and ensures that the clothes are thoroughly dried. This combination makes the HHCDC a potential
step in the right direction with regards the concerns raised by the UN in [1].

4. Technology Adoption

This section outlines some models and theories of technology adoption and their components which could be used to
build a framework for understanding how consumers may evaluate, purchase and use the clothes drying option presented
above. Some of the elements in the framework could include the interplay of consumers’ beliefs, attitudes, ease of use,
perceived usefulness, prior experience with technology, social support, knowledge and involvement. These elements are
described below.

The Technology Acceptance Model (TAM), Theory of Reasoned Action (TRA), and Theory of Planned Behaviour
(TPB) impact innovation acceptance and adoption [12]. TRA, TPB and TAM could be used as a theoretical basis to explain
consumer acceptance of technology since these models are well known to play a role in adoption [13],[14],[]15]. TRA
suggests that a person's belief influences his/her attitude. Ajzen [12] describes perceived behavioural control, which was
added to TRA in the TPB model, as people's perception of the ease or difficulty of performing a behaviour. This control is
claimed to affect behavioural intention and actual behaviour. Research on technology acceptance identified perceived
usefulness as the key factor explaining users' behavioural intention [13]. Another researcher [16] in explaining why users
accept or reject a particular technology, found that perceived ‘usefulness’ mediates the effect of perceived ‘ease of use’ on
behavioural intention. Perceived ‘ease of use’ reflects whether a person feels using a specific system or technology is free
from effort. Perceived ‘usefulness’ on the other hand denotes whether a person believes that using a particular system would
enhance his or her performance [17]. Attitude toward using technology is influenced jointly by both perceived ‘ease of use’
and perceived ‘usefulness’.

For our proposed HHCDC, both perceptions should be easily satisfied. The system is easy to operate and requires users
to simply open the cabinet door, as they would any normal wardrobe or cupboard, and hang their wet clothes. This simplicity
of use addresses the ‘ease of use’ perception. The ‘usefulness’ perception has already been long satisfied as dryers were
invented to fulfil the need of drying clothes. Our HHCDC can plainly be considered as ‘just another type of dryer’, that runs
on composite energy instead of electricity or gas.

The social support a person receives from friends or family members will arguably increase a person’s likelihood of
technology adoption. Social support will be perceived as social acceptance. Also, a person’s prior positive experience with
technology will positively influence adoption [18]. The opposite could be expected with a negative experience and lack of
social support.

Prior product knowledge can be described in two different ways, what knowledge the individual has stored in memory
(objective knowledge), and what people perceive they know about a product (subjective knowledge) [19],[20].
Knowledgeable consumers are more likely to search for new information before making a decision [21],[22],[23], while less
knowledgeable consumers are more likely to rely on attributes such as brand name, price [24] or opinions of others [19],[25].
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We jointly consider both prior knowledge and social support because social support starts off from one individual trying
out a product to gain insight on it and then telling others about it. Other potential adopters / customers, without prior
knowledge of the product, then rely on opinions / reviews of the early adopter(s) to make decisions. In essence, a person is
more likely to buy a product they are not personally familiar with, if it has a high number of positive reviews. It only takes
a few early adopters to use the HHCDC and give honest and positive reviews about it, for the adoption rate to escalate.

Consumers’ perceptions of importance or personal relevance for an object is an indication of their involvement [26].
Involvement is a motivational state that stimulates and directs consumers’ cognitive and affective processes as well as
decision behaviours [27]. When consumers perceive that a product has a level of personal relevance to them, they are said
to be involved with a product and have a personal relationship with it. Cognitively, involvement includes the means and
knowledge about important consequences produced by using the product. If product involvement is high, people may express
stronger affective responses, such as emotions and strong feelings. Highly involved consumers repeatedly collect information
about a product of interest [28].

Lastly, many examinations of technology adoption subscribe to the doctrine of technological determinism whereas this
paper considers the larger social, political, and economic circumstances that surround adoption. These are important
considerations since among many reasons, sustainability awareness requires different consumption processes. A key
researcher [29] supports this notion when he argues that as a new century begins, where the environmental movement is in
the lead, technology is now about to enter the expanding democratic circle. Another consideration is that there often is a gap
between envisioning technological use and actual implementation.

The rising concerns about increased GHG emissions and global warming in recent years serve as perfect examples of
external circumstances that must be addressed. Tackling these concerns would require collective and intentional efforts from
the general populace. HHCDC was conceptualised by design to be sustainable through its composite energy model, hence
by adopting a laundry solution such as HHCDC, users demonstrate a sense of involvement in the push for a sustainable
alternative and awareness of the consequences of an energy irresponsible society.

Countering technological determinism is Actor Network Theory (ANT) which contends that the processes of creating
and adopting technology are complex, interactive, and political [30]. Feenberg [31] points out, “technical objects are not
things in the usual sense, but nodes in a network that contains both people and devices in interlocking roles”. As aptly stated
elsewhere [32], “successful technologies must not only get built; they must be built into society”. He argues that ANT
explains the reason PV systems have failed in the past to gain widespread support; it was due to a struggle involving
persuasion and enrollment. Furthermore, Social Construction of Technology (SCOT) theory supports some sentiments
expressed by ANT. SCOT proposes that technological determinism is flawed because the exclusively technical is not a
determinant in constructing technology [32]. Given the perspectives that ANT and SCOT provide, in order to fully gauge
acceptance of the proposed clothes drying process, the framework should include a survey of consumers and relevant
stakeholders such as building owners, contractors, electric utility companies, and agencies that establish building codes for
their support of the novel process.

5. Conclusion

Laundering clothes, though seemingly mundane, significantly impacts the environment. Clothes drying, using most
forms of tumble dryers, consume an enormous amount of energy, yet these dryers are present in almost every home in
developed countries. In today’s urban cities, the use of passive outdoor drying techniques such as hanging clothes on lines
to be sun dried is almost not possible, due to the lack of open space. Besides the absence of space, clotheslines are considered
aesthetically unattractive, hence making tumble machines a necessity, despite their long list of demerits. In this work a
conceptual dryer based on a heating cabinet and with minimal energy footprint was proposed that is powered by composite
energy sources including heat generated from household appliances and solar. The capacity for customer adoption of the
proposed clothes drying model was also considered using several adoption models. Though this work only proposed the
conceptual model, potential future works might focus on building a prototype and benchmarking it against state-of-the-art
drying solutions currently in use today.
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