
ORE Open Research Exeter

TITLE

Evaluating the environmental performance of a circular business model for Merino wool next-to-skin
garments. The case of Armadillo Merino

AUTHORS

Bech, NM; Birkved, M; Charnley, F; et al.

JOURNAL

Sustainability

DEPOSITED IN ORE

23 October 2019

This version available at

http://hdl.handle.net/10871/39308

COPYRIGHT AND REUSE

Open Research Exeter makes this work available in accordance with publisher policies.

A NOTE ON VERSIONS

The version presented here may differ from the published version. If citing, you are advised to consult the published version for pagination, volume/issue and date of
publication

http://hdl.handle.net/10871/39308


  

Sustainability 2019, 11, x; doi: FOR PEER REVIEW www.mdpi.com/journal/sustainability 

Article 

Evaluating the Environmental Performance of a 

Product/Service-System Business Model for Merino 

Wool Next-to-Skin Garments: The Case of Armadillo 

Merino® 

Nynne Marie Bech 1, Morten Birkved 2, Fiona Charnley 3, Louise Laumann Kjaer 4, Daniela C. A. 

Pigosso4, Michael Z. Hauschild 5, Tim C. McAloone 4 and Mariale Moreno 6,* 

1 NIRAS Gruppen A/S. Sortemosevej 1. DK-3450 Allerød, Denmark; nynnebech@gmail.com 
2 Institute of Chemical Engineering, Biotechnology and Environmental Technology, Faculty of   

Engineering, University of Southern Denmark, Campusvej 55 Odense M - DK-5230, Denmark; 

morb@kbm.sdu.dk 
3 University of Exeter Business School, University of Exeter, Rennes Drive Exeter EX4 4PU, UK. 

F.Charnley@exeter.ac.uk (F.C.) 
4 Section of Engineering Design and Product Development, Department of Mechanical Engineering, 

Technical University of Denmark, Kongens DK-2800 Kgs. Lyngby, Denmark; danpi@dtu.dk (D.C.A.P.); 

tmca@dtu.dk (T.C.M.); lodo@lodo.dk (L.L.K.) 
5 Department of Technology, Management and Economics, DTU Management, Technical University of 

Denmark, Akademivej, Building 358 DK-2800 Kgs. Lyngby, Denmark; mzha@dtu.dk (M.Z.H.) 
6 Centre for Competitive Creative Design (C4D), Cranfield University, College Road, Cranfield MK43 

0AL, UK 

* Correspondence: mariale8@gmail.com (M.M.); Tel.: +44-(0)-1234-750111 (ext. 2140) 

Received: 29 July 2019; Accepted: 8 October 2019; Published: date 

Abstract: Circular business models are often enabled by means of product/service-systems (PSS). 

The common perception is that such business models have enhanced environmental performance 

when compared to conventional business models rooted in the linear economy. This article 

investigates the environmental potential of developing a use-oriented PSS business model for 

Merino wool t-shirts intended for use by the British Ministry of Defence as an alternative to the 

present supply system based on synthetic t-shirts purchased from sportswear clothing companies. 

To conduct the assessment, we apply the life cycle assessment (LCA) methodology to quantify and 

compare the climate change impacts and impact potentials of the proposed PSS business model and 

of a reference business model. Results showed that there could be significant contribution of 

quantifying environmental potential for PSS business models when justifying the transition to a 

circular economy. However, when adopting LCA methodology for this purpose, the design of the 

PSS needs to be well thought to overcome some of the identified challenges. The article concludes 

by making the case that LCA studies can support the definition, design and value creation of the 

product/service-systems in early development stages. 

Keywords: product service system; PSS; circular economy; LCA; merino wool 

 

1. Introduction 

Circular economy is often seen as an environmental superior alternative to the take–make–

dispose linear economy. The circular approach seeks to increase resource efficiency and mitigate 

environmental impacts while maximising value creation from economic structures [1]. Circular 
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economy literature suggests necessary change to incorporate restoration and recovery at different 

levels e.g., energy, products, materials, elements or molecules [2], as well as the technical 

characteristics of modularity, disassembly and repurposing (repair and maintenance); thereby 

extending product lifetime [3]. Business model innovation is also increasingly key from a circular 

economy point of view [4]. 

In fact, in recent years, the concept of circular economy has attracted policy makers in the United 

Kingdom (UK) and Europe, who have been setting up strategies within these regions such as the 

“Circular Economy Package” launched by the European Commission [5], back in December 2015; 

and more recently in the UK, a “Circular Economy Strategy” for Scotland [6]. These initiatives 

provide opportunities to implement circular economy principles on public procurement to expand 

best practices through better collaborative procurement, guidance and regulations. 

The public procurement market is considered the largest business sector in the world and 

governments have continuously attempted to minimise the negative aspects of consumption through 

the establishment of sustainable procurement strategies [7]. In an European context, public 

procurement strategies have moved towards contracts, in which providers deliver services within 

their product offerings through product/service-systems (PSS) business models [8]. In circular 

economy literature [9–12], PSS has been acknowledged as one of the archetypes of circular business 

models, and References [13–15] have argued that a PSS model is potentially superior from an 

environmental perspective compared to a conventional business model. A PSS is an integrated 

combination of products and services [15,16] in which suppliers, through a customised contract for 

availability (CfA), meet the requirements of the contractor [8]. 

This paper focuses on the provision of a use-oriented PSS to the British Ministry of Defence 

(MoD). In a use-oriented PSS, there is a shift of ownership of the product, as the manufacturer or 

retailer retains ownership of it offering a functional “service unit” through leasing or renting the 

product to the user [17]. Provision of use-oriented PSS business models for complex engineering 

products such as aircrafts, vessels and vehicles; and its systems (including radars, power packs, 

armaments, simulators) and subsystems (i.e., engines and arms) to the MoD, has been studied in 

various publications [8,18–20], all highlighting the benefits of combining the MoD’s procurement 

strategy and PSS. These benefits include closer partnerships between the MoD and the primary 

supplier facilitating the share of information and collaboration strategies, sharing risks and reducing 

costs; as well as better responsiveness from industry to emerging operations scheduled by the MoD 

[8]. In line with the MoD’s current sustainable development strategy contracting, a PSS may also 

enable the MoD to improve its procurement related environmental performance via PSS strategies 

that can increase product longevity and reduce resource use; including reuse, refurbishment and 

recycling [8,15]. The focus of current academic literature dealing with the provision of PSS to the 

MoD has focused on complex engineering products and has not been extended to other more 

common products, such as clothing. Previous PSS research focusing on the clothing industry [21] has 

highlighted that PSS business models could be an opportunity to increase garment’s quality and 

longevity with potential to reduce environmental impacts. 

Although PSS business models are enhanced as potentially superior from an environmental 

perspective, Kjaer [22] argues that by default PSS are not more environmentally benign compared to 

other conventional systems. As such, the exemplification of how LCA studies can support the 

definition and refinement of circular business models focused on product/service-systems, at early 

development stages within an industrial context is needed. Thus, this paper contributes to the 

existing knowledge by exploring how LCA can support the development of a PSS for clothing 

supplied to the British Special Forces (BSF), and further quantification of the environmental potentials 

of this offering to the MoD. 

2. Literature Background 

In circular economy literature presents several classifications or archetypes of circular economy 

business models (CEBMs). For example, Ludeke-Freund et al. identified 26 archetypes of CEBMs with 

different purposes, such as either as a mean to redefine value creation, or to offer clarity of terms [23]. 



Sustainability 2019, 11, x FOR PEER REVIEW 3 of 21 

Bakker et al. take a product design perspective to classify different CEBMs [24]. Lewandowski look 

at CEBMs from a practical method [25]. Lacy and Rutqvist and Bocken et al. do their classification 

from a value perspective, where the latter introduces its classification according to strategies to slow 

resource use or close resource use [12,26]. The Ellen MacArthur Foundation looks at financial 

incentives [27] and Tukker looks at it from a service provision perspective [28]. More recently, 

Urbinati et al. did a taxonomy based on the degree of adoption of circularity along the value 

proposition and the value network [29]. These are just to mention a few taxonomies in the literature. 

For the purpose of this paper, we will follow the classification of Moreno et al. where CEBMs are 

classified according to the value gained from slowing or closing resource use and the primary source 

of revenue gained in doing so [30]. This classification is the following: 

 Circular supplies: A business model based on industrial symbiosis in which the residual outputs 

from one process can be used as feedstock for another process. 

 Resource value: A business model based on recovering the resource value of materials and 

resources to be used in new forms of value. 

 Product life extension: Those business models that are based on extending the working life of a 

product. 

 Extending product value: Those business models based on offering product access and retaining 

ownership to internalise benefits of circular resource productivity mainly through a product-

oriented PSS (i.e., products are sold to users, but additional services are added such as insurance 

or maintenance) or a use oriented PSS (i.e., products are leased or rented to the user). 

 Sharing platforms: Those business models that enable increased utilisation rates of products by 

making possible shared use/access/ownership through a peer-to-peer model (or a result-

oriented PSS). 

2.1. Extending Product Value as One of the Potential CEBMs through a Use-Oriented PSS 

Product/service-systems (PSS) are often seen as one of the key enablers for a Circular Economy 

[17], due to their potential to decouple value creation from resource consumption [22,31]. Several 

definitions exist for PSS [16], which is often defined as a combination of products and services capable 

of fulfilling user needs and competitiveness in the market through new business models. 

It is widely recognized that PSS has the potential to enable enhanced environmental 

performance and circularity by means of a number of strategies [32–36], such as: 

 dematerialize value delivery (e.g., by means of virtual platforms); 

 enhance product utilization and capacity (e.g., by means of sharing/pooling models); 

 enhance product efficiency during the use phase (e.g., by means of predictive maintenance 

services and/or consultancy/advice for efficient product use); 

 enhance product effectiveness (e.g., by focusing the value proposition on value delivery); 

 extend the product lifetime (e.g., through predictive maintenance, updates and repair) 

 optimize take-back and end-of-use strategies (e.g., by keeping ownership of the products in use-

oriented and result-oriented PSS models); 

 enable the implementation of circular strategies to close the material loop (such as 

remanufacturing, refurbishment, reuse and recycling). 

Nevertheless, it is important to notice that PSS is not intrinsically more sustainable, nor circular 

by definition [37–40]—there are actually a number of examples that show that PSS can lead to 

rebound effects and adverse environmental consequences [40]. 

In order to support the evaluation of the environmental performance of PSS solutions, and on 

the basis of existing challenges for the evaluation, Kjær developed a number of guidelines that can 

serve as a support when designing and evaluation PSS [41]. Pieroni et al. proposed a number of 

sustainability qualifying criteria for evaluating circular business models [42], and Kravchenko et al. 

developed a database with sustainability performance indicators that can be used to measure circular 

initiatives and business models [43]. The opportunity relies in evaluating the environmental 
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performance of PSS initiatives as early as possible in the development process, so as to support the 

development of more sustainable solutions through fact-based decision-making processes. 

2.2. PSS Models in the Textile Industry 

A New Textile Economy Report calls for action to increase the average number of times clothes 

are worn as the most direct way to capture value and design out waste and pollution in the textile 

industry. Armstrong et al. propose PSS based on clothing take-back, swaps and leasing services that 

include repairs, redesign and consultancy as a way forward. Shifting the mindset of selling access to 

clothes could help to design and produce garments of better quality, shift the perception of clothing 

from being disposable item to be a durable product [44]. Therefore, in the case of Armadillo Merino®, 

implementing a PSS make sense, as quality is in the heart of their garments’ design. Armstrong et 

al.’s research found some negative perceptions between the public about PSS for apparel [21]. This 

includes lack of trust in the service provider and perceived barriers to ease of use, lack of accessibility 

and other technical requirements (e.g., due to repair and maintenance of the clothes). Therefore, PSS 

for brands and retailers might be more difficult to implement, and they would prefer other types of 

CEMBs such as take-back schemes rather than leasing services [45]. Therefore, the Ellen MacArthur 

Foundation (EMF) report calls to start this type of service alongside public procurement to lead the 

way for the private sector to follow. 

3. Materials and Methods 

The development and quantification of the environmental performance of a PSS business model 

was performed in the context of a case study [46]. The chosen case study is explained in further detail 

below. 

3.1. The Armadillo Merino® Case Study 

The Ministry of Wool trading as Armadillo Merino® (AM) is a UK based company that produces 

Merino wool next-to-skin garments. Currently, the company is working with the MoD’s “Trials and 

Evaluation Programme” to test AM products and AM as a garment supplier to the British Special 

Forces (BSF). AM has found that the cost of market entry is a barrier as their products are 30% more 

expensive than the synthetic (e.g., polyester or nylon) next-to-skin garments that are currently used 

by the MoD. However, there is considerable interest by AM to provide a solution to the MoD, which 

could prove competitive to the synthetic garments provided by sportswear clothing companies. As 

such, providing a CfA based on a PSS business model could be the solution for AM. Providing a PSS 

could help AM to re-position Merino wool garments as a cost-effective solution that provides 

performance and user comfort, to disprove the perception of wool being expensive and 

uncomfortable [47]. With fine wools and modern manufacturing techniques, Merino wool proves to 

have unique properties, which synthetic fabrics do not have. These include anti-static properties, UV 

protective features, reduction of odour and improved comfort [48,49]. In this paper, these properties 

are referred to as protection, performance and comfort to the end user. In addition, providing a PSS 

business to the MoD could contribute to a circular economy as AM would take the responsibility of 

supplying the garments to the MoD, as well as the responsibility of repurposing (repair and 

maintenance) and reissuing garments for re-use, thereby extending their lifetime. In addition, AM 

will take responsibility of garments at end-of-life with a range of options such as the recycling of 

garments into new merino t-shirts or into other army applications (blankets, sound buffering, 

compression pads, etc.) when the garments are beyond repair. This could help the MoD to reduce 

inventory management costs, as AM will be supplying garments on demand. 

3.2. Research Scope and Objectives 

To understand and demonstrate the environmental potentials of providing a PSS of Merino wool 

t-shirts to the BSF within this case study, three objectives were established: 
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1. Understand the current supply chain of the MoD’s Special Forces’ wearing kit including Merino 

wool t-shirts. 

2. Develop a PSS business model based on the knowledge acquired from the present supply system 

to provide an alternative business solution for the MoD. 

3. Quantify the environmental potentials of the developed PSS by means of the LCA methodology. 

To meet these objectives, we followed Kjaer’s [41] suggestions when applying LCA methodology 

to assess the environmental performance of a PSS. Kjaer [22,40] suggests three relevant scopes being: 

1. PSS optimisation—evaluating options within the PSS itself. 

2. PSS comparison—comparing a PSS with an alternative, which in most cases is a conventional 

business model. 

3. PSS consequences—modelling the actual contextual changes caused by the PSS. 

Since our study intends to develop an alternative model to the current system, the evaluation 

was done following a “PSS comparison scope” (see References [22,40] for a detailed differentiation 

between the three scopes). The PSS comparison was done between the current system (i.e., the 

reference system) and the suggested PSS. Following Kjaer’s suggestions [41], we had first to identify 

a reference system (being Objective 1 of this study), to then define a functional unit and set the system 

boundaries that applied to the reference system and the developed PSS. 

The following steps (Figure 1) were conducted to achieve the former, and fulfil the three 

objectives: 

• Step 1: Two workshops were run to gather the sufficient data in order to define the reference 

system and design the new PSS alternative (Objectives 1,2). 

• Step 2: Quantify the environmental potentials through a screening level life cycle assessment 

(LCA) (Objective 3). In order to quantify the environmental potentials, we determined the 

functional unit and the systems boundaries as suggested by References [22,40]. 

 

Figure 1. Overview of key steps and workshops carried out during the case study. 

3.2.1. Step 1—Workshops 

Workshop 1: Defining the Reference System 

To define the reference system (details are presented in the “reference system and PSS business 

model” section below), four experts were invited to the initial workshop. These included a 

Procurement Lead for Capability Development (MoD), a MoD Procurement Expert (Former UK Air 

Forces), a weaving textile expert (Business Consultant) and a service provider expert (Business 

Consultant). With these experts, we explored how the MoD’s clothing procurement system works. 

The aim of the workshop was twofold: To explore further opportunities to shift from the current 

linear model to a suitable PSS, to then define the reference system on how garments are provided to 

the MoD. The opportunities were delved with a facilitated round table discussion based on the 

following themes: quality and properties of the Armadillo Garments, gains for the MoD and gains 

for Armadillo Merino, and how to better capitalise from the current system on how the MoD operates. 
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The opportunities found are described in Section 4. Once the opportunities were defined, the experts 

helped to define the reference system through a system map (i.e., a design tool to define the different 

elements on a system, its stakeholders, its processes and interactions 

http://www.servicedesigntools.org/tools/28) exercise where the steps of how garments are 

distributed to the MoD was depicted. 

Workshop 2: Designing a PSS Circular Business Model 

The assessment of opportunities was presented to a panel of experts to further refine the design 

of the PSS business model during a second workshop. Attendees of the second workshop included: 

an expert on circular economy (Ellen MacArthur Foundation), an expert on sustainable business 

models (The Sustainable Business Group), an expert on PSS design (Cranfield University), a supply 

chain consultant (Re-Think Solutions), a Procurement Lead for Capability Development (MoD) and 

a MoD procurement expert (Former UK Air Forces). In this second workshop, a system map exercise 

was again used to design the PSS alternative model. 

3.2.2. Step 2—Quantifying the Environmental Potentials 

To achieve Objective 3 of this study, an LCA was conducted to quantify and compare the 

environmental performance polyester/nylon t-shirts offered through a transactional business model 

(i.e., the reference system) with Merino wool t-shirts offered through a PSS business model to the 

BSF. 

It should be emphasised that this assessment only considers climate change impacts (CCIPs), 

whereas other environmental impacts are likely to be equally important as measures of 

environmental sustainability for textile products, including water use, land use related impacts, 

eutrophication, toxicity related impacts and acidification [50]. The focus on CCIPs was chosen, as this 

environmental impact category is an established sustainability measure for the MoD and for the 

Merino wool sector in general. CCIPs has been one of the most widely adopted environmental impact 

categories in studies assessing the environmental impacts from garments produced from wool 

[50,51], however as established below, a number of present studies do not fully account for all 

relevant greenhouse gasses contributing to wool production, which is why this environmental impact 

category is relevant to further exploration. 

To determine the main activities and the associated CCIPs that differ across the two product 

systems, the study was carried out as a prospective screening LCA, which implies that simplifications 

and assumptions are accepted. The scope of a screening LCA was well suited in terms of deciding 

whether to pursue the proposed PSS business model and most importantly as a basis to investigate 

if/how a PSS business model may influence the environmental impacts performance of textile 

products. 

In relation to garments produced from wool, these are by some perceived as more 

environmentally sustainable, e.g., in terms of CCIPs, compared to garments produced from man-

made fibres such as polyester and nylon [52]. Wool fibres are of natural origin and are biodegradable, 

whereas polyester fibres are produced from non-renewable resources (here in the form of crude oil) 

with proven contributions to climate change. However, the emissions of enteric methane (CH4) from 

the sheep digestion system and nitrous oxide (N2O) from the breakdown of sheep manure have not 

by default been accounted for as contributions to the climate change impact category for wool 

production [51–53]. Discounting the gaseous emissions from sheep production is likely to cause 

underestimation of the CCIPs from wool production, since CH4 is a greenhouse gas (GHG) with a 

global warming potential (GWP) approximately 21 times more effective than CO2 and N2O is 

approximately 310 times more effective [54]. 

4. Results 

4.1. Step 1: Workshop 1 Results—Define Opportunities and Reference System 

The identified opportunities to shift to a PSS business model at Armadillo can be described as: 
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• To capitalise on the properties of Merino wool t-shirts in terms of providing protection, 

performance and comfort as an alternative to polyester/nylon t-shirts. 

• To capitalise on a rolling CfA contract, which is considered on the MoD’s expenditure annual 

budgets. 

• To supply garments to a supply pool supporting the BSF might prove easier than to supply to 

regular operations as all specialist equipment for each tour is planned and managed by a special 

MoD supply pool. 

• To focus on the BSF supply pool mechanisms where specialist equipment normally is returned 

to the pool after a mission for refurbishment and restocking. 

• To use the current MoD’s supply system. Currently, the supply of garments is managed by the 

quartermasters and through a requisition order. 

• A tour lasts six months and five synthetic t-shirts are issued for each soldier for each tour. It was 

agreed by the workshop participants that only three Merino wool t-shirts would be required per 

six months in case the t-shirts were offered through a PSS. 

• To capitalise on using the current MoD’s freight system and North Atlantic Treaty Organization 

(NATO) stocking numbers (NSN) tracking system to ensure that the garments are returned to 

the supply pool after each tour. 

The reference system: 

The data gathered during the first workshop were used to define the reference system based on 

the current system (see Section 4.3 below). As the researchers did not have access to current MoD 

data, assumptions were made according to the participant’s knowledge and expertise and, where 

possible, assumptions were rectified with secondary data from databases, peer-review publications, 

reports and personal communication with washing machine manufacturers. 

Based on the data gathering, it was established that the t-shirts in the reference system are 

produced in China (CN) from 50% polyester and 50% nylon. Compared to other fibres, garments 

produced from synthetics such as polyester more easily take on and persist odour [49,55] and each t-

shirt is washed after one day of use. As each soldier is equipped with five t-shirts per six-month tour, 

each t-shirt is laundered (washed and dried) 36 times per tour. It is assumed that half the t-shirts are 

incinerated in open fire pits prior to repatriation, whereas the other half is brought back to the UK 

and landfilled. 

For the proposed PSS business model, AM provided the needed product life cycle system data. 

The t-shirts are produced in CN from 100% Merino wool that is sourced from Merino sheep farms in 

New Zealand (NZ). As wool garments are less susceptible to odour compared to polyester [56,57], 

the t-shirts are worn for three days between washes. As such, it is implied that each t-shirt must be 

washed 20 times per operation and provided the system of reuse and refurbishment each Merino t-

shirt will have a lifetime of four tours of six-month duration, i.e., each t-shirt is expected to have a 

service-life of two years. 

As AM retains ownership of the Merino t-shirts they have the option to plan for end-of-life (EoL) 

strategies, and the planned tracking system based on the NSN number, is expected to ensure a high 

collection rate (95%) of EoL t-shirts. AM has not yet decided on a specific EoL strategy, and the 

present assessment of the PSS also explores closed loop recycling (CLR) where t-shirts are recycled 

into new Merino t-shirts, as opposed to open loop recycling (OLR) where EoL t-shirts are recycled 

into new wool applications. Among other aspects the potential (GHG) credits associated with 

recycling of wool is determined by what is being substituted [58] and since the substituted material 

for OLR is unspecified, the credits will be based on a CLR scenario, where the recycled Merino t-

shirts are expected to substitute raw wool production. The feasibility of using reclaimed fibres for 

secondary yarn production is addressed in the following sections. 

Several barriers apply to CLR of textiles into new woven products, including material 

composition (mixed fibres, buttons, zippers etc.), differing fibre lengths and colours, impurities etc. 

These material variations mainly apply to post-consumer textile waste, i.e., textiles discarded by 

consumers, whereas pre-consumer textile waste such as cut-offs from garment production usually 

are more homogeneous in terms of purity, fibre length etc. [59–61]. The expected EoL potential of 
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Merino t-shirts fall under the former category, however, in contrast to traditional post-consumer 

textile waste streams the t-shirts are expected to exhibit a relatively high homogeneity and hence a 

high potential for CLR. This potential is due to the fact that the garments are produced from pure 

natural materials, and the waste fraction will therefore be homogenous both in terms of materials and 

colour. In addition, the t-shirts are expected to be laundered and are hence clean upon repatriation. 

Finally, the PSS tracking system ensures a high collection rate, which allows for production planning. 

To retain the durability of the Merino t-shirts AM has estimated that the content of recycled wool in 

new t-shirts should not exceed 30% and t-shirts should only be recycled once. To ensure singular 

recycling, the tracking system could be expanded to contain “historical” information on the fibre 

content of each t-shirt. The remaining t-shirt fraction is expected to enter into an OLR system, e.g., 

production of blankets, sound buffering, compression pads or felted products. 

According to References [59,61] mechanical methods for converting textile products to fibres 

have existed since the Industrial Revolution, and today it is still economically feasible to use 

reclaimed fibres for secondary yarn production. Recycled materials cannot necessarily be assumed 

to displace raw material production 1:1. To achieve net environmental benefits the environmental 

impact from all processes related to recycling including losses must be less than the avoided impact 

from raw material production [58]. 

As the proposed PSS is yet to be implemented the quantity of t-shirts suitable for CLR can only 

be estimated. It is likely that the soldiers are exposed to harsh conditions that will damage the t-shirts 

during certain field operations, which may decrease the quality of the textile waste fraction and 

thereby the quantity of t-shirts suitable for CLR. Based on the above considerations it was decided to 

make a conservative estimate of the CLR recycling potential of the collected textile fraction. In the 

product system modelling it was estimated that 30% of the collected, used t-shirts would displace the 

production of raw wool and the PSS was not credited for the remaining 70% of the t-shirts as the 

exact substituted materials could not be established. Although it was expected that the remaining 

70% would enter into a CLR system with the potential to displace other materials, the PSS was not 

allocated credits for this remaining fraction. Rather, the potential GHG credits were assumed to 

counterbalance the GHG emissions associated with losses, recovery processes, transport etc. from 

CLR recycling of wool into new Merino t-shirts. 

The characteristics of the two product systems are listed in Table 1. To perform a comparative 

assessment of the CCIPs, a functional unit was defined. The desired functionality of the t-shirts is to 

provide the soldiers with neutral-coloured, short-sleeved base layer t-shirts that can be worn 

underneath the uniform, and the functional unit for the assessment was therefore defined as: “The 

provision of t-shirts for one soldier during six months in the field”. 

Table 1. Characteristics of the two systems. 

Characteristics Reference System PSS 

Material 50% polyester, 50% nylon 100% merino wool 

T-shirt weight 0.157 kg 0.157 kg 

Number of t-shirts (per six months tour) 5  3 

Laundering (number of machines 

washes per six months use periods) 

36 20 

Collection rate for CLR - 95% 

Open burning abroad 50% - 

Landfill in the UK 50% - 

Substitution of raw material from CLR - 30% 

Steam wash (kWh per wash) 0.21 0.05 

Regular wash (kWh per wash) 0.16 0.05 

4.2. Step 1: Workshop 2 Results—Designing a PSS Circular Business Model 
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The proposed PSS model was based on the concept that AM owns and manages the Special 

Forces supply pool for next-to-skin garments and leases these garments directly to the MoD. The idea 

was that the PSS solution is intended to provide real-time inventory management of high quality 

products that will provide a safer, more comfortable user experience for MoD personnel by providing 

them with wool next to skin t-shirts (for the scale of the study only short sleeve t-shirts in light olive 

and/or coyote brown are considered) that require maintenance; as an alternative to polyester/nylon 

t-shirts. Figure 2 shows the AM areas of responsibility, including the logistics associated with reuse 

and redistribution, refurbishment and remanufacture.  

Figure 2. Area of responsibility of Armadillo Merino®. 

4.3. Step 2: Assessing the Environmental Potentials—Process Mapping, Data Gathering and Impact 

Assessment 

The screening LCA presented here took a cradle-to-cradle approach covering the main processes 

from raw material to recycling/EoL. In this inventory phase of the LCA, the system boundaries 

(included and omitted processes) were mapped out and inventory data gathered for the life cycles of 

both product systems. In the impact assessment impact potentials were calculated for GHG emissions 

and quantified over the entire life cycle, building the foundation for quantification of the climate 

change impact potential of the system per functional unit. 

System constellation for the reference system: 

The assessment of the reference system was based on five main life cycle stages (for illustration, 

see Figure 3): 

• Raw material: production of synthetic fibres (a blend of polyethylene and nylon fibres) at 

factories in CN. 

• T-shirt production: conversion of fibres to yarn, from yarn to fabric and fabric to t-shirts in CN. 

• Use stage: laundering process (machine washing) at operations in the field. 

• Transport: ship transport of manufactured t-shirts from CN to the UK. 

• EoL: open pit burning of EoL t-shirts prior to repatriation from operations abroad. 
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Figure 3. Process mapping and quantified flows with data sources, reference system. 

System constellation for the PSS: 

The assessment of the PSS was based on the following five life cycle stages (for illustration see 

Figure 4): 

• Raw material: production of greasy wool fibres at NZ Merino sheep farms with sheep meat as 

by-product. The main activity is shearing; the process by which the woollen fleece is cut off the 

sheep. 

• Pre-treatment: scouring of greasy wool at facilities in CN. The main output is dry, clean fibres 

(wool tops) for further processing. 

• T-shirt production: conversion of fibres to yarn, from yarn to fabric and fabric to t-shirts in CN. 

• Use stage: Laundering process (machine washing) at operations abroad. 

• Transport: Ship transport from NZ to the UK. 

• EoL: CLR of EoL Merino t-shirts (30%). The remainder (70%) is expected counterbalance the 

GHG emissions associated with losses, recovery processes, transport etc. from CLR recycling of 

wool into new Merino t-shirts. 
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Figure 4. Process mapping and quantified flows with data sources, product/service-system (PSS). 

Inventory data were mainly obtained from the Ecoinvent database version 3 [62] and secondly 

from a publication by the Waste and Resources Action Programme (WRAP) in UK [63]. The data from 

WRAP are partly based on the Ecoinvent database version 2; on a publication on environmental 

assessment of textiles by the Danish Environmental Protection Agency (EPA) [64] and on 

supplementary work by Environmental Resources Management (ERM) that was commissioned to 

conduct the WRAP publication [63]. Data on machine washing were acquired from Miele and Nortec 

(through interviews), and finally, a report from the U.S. EPA provided data on open pit burning of 

polyester. 

Inventory data obtained from the Ecoinvent database were used to model the product system 

using Sima Pro 8.1.1 [65] and by applying the ReCiPe characterisation method for which climate 

change characterisation factors are based on the guidelines provide by the Intergovernmental Panel 

on Climate Change (IPCC). The characterisation allowed for conversion of all GHG emissions to the 

same unit, CO2-equivalents (CO2e). The same characterization method was applied in the WRAP 

publication [63]. 

In the flowcharts (Figures 3,4) the GHG emissions for each life cycle stage were quantified and 

the associated inventory data sources listed below each stage. 

Simplifications and assumptions: 

• Processes that were assessed as comparable for the two systems were not included in the impact 

assessment. 
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• Based on the chosen level of detail, only transport processes over longer distances were assessed. 

• In the use-stage for both systems, a steam and a regular washing machine were tested. Both 

machines were modelled as run by diesel generators and an oil boiler was selected for steam 

generation. 

• Logistics (covering only warehouse activities) were omitted due to lack of information on the 

activities involved. 

• In contrast to other impact categories it was assumed that landfilling of synthetic t-shirts is less 

significant for CCIPs, and hence the life cycle stage EoL landfill (i.e., in UK) was not accounted 

for. 

• Due to a lack of process data, the life cycle stage t-shirt production in the PSS was based on 

similar cotton-based processes. Other literature sources including WRAP applies cotton textile 

production as a proxy for wool textile production. 

• The cleaning activity involved in cotton textile production was regarded as a proxy for wool 

scouring. 

• The main by-product from wool scouring is lanolin, which is used by the cosmetics industry. 

Due to lack of process data no GHG emissions were allocated to lanolin production. According 

to Reference [50] the recovery of lanolin amounts to approximately 10% the value of greasy wool 

and most GHG emissions are thus allocated to the wool. 

• The ship transport of wool tops from NZ to CN, and subsequently from CN to UK was simplified 

and modelled as direct transport between NZ and UK. The omitted transport distance by ship 

was not expected to have significant influence on the results. 

• Upon each operation, the Merino t-shirts are to be laundered prior to reuse/refurbishment and 

redistribution. AM is currently considering a combined washing and drying machine based on 

liquid CO2. The process was omitted, as no data could be obtained and since it is only expected 

take place once every six months. 

• As the PSS is yet to be implemented no quantitative system data were available, nor included in 

the impact assessment for the reuse, refurbishment and redistribution related processes. The 

main activities were expected to be associated with low GHG emission activities based on 

manual labour, including sewing. Some demand for land transport was expected (to and from 

the dressmaking factories). 

To associate the process flows to the functional unit, the characteristics of both systems were 

finally parameterized and associated to the inventory data for each life cycle. 

The Climate Change Impacts: 

Figure 5 presents the CCIPs (total and divided into life cycle stages) per functional unit for the 

reference system and the PSS. The results revealed that the reference system had the highest total 

CCIPs (16.9 kg CO2e/FUa) approximately twice the size of that for the PSS (8.6 kg CO2e/FU). 

As can be observed in the figure, the life cycle stages “raw material” and “t-shirt production” 

contributed the most to GHG emissions. For the PSS, the GHG emissions associated with “raw 

material production” exceeded the emissions of the reference system by approximately 60%, whereas 

the CCIPs resulting from t-shirt production in the reference system was nearly three times the impacts 

attributed to the PSS. 

The life cycle stages “transport” and “washing” were insignificant to the results. For the PSS-

based system GHG credits from recycling at EoL (−2.3 kg CO2e/FU) are of noticeable magnitude to 

the overall result. 

                                                
a Functional Unit 
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Figure 5. Climate change impacts per functional unit (FU) for the reference system (e.g., synthetic t-

shirts) and the PSS (e.g., Merino wool t-shirts). 

In Figure 6 the CCIPs are presented for one reference t-shirt and one Merino t-shirt respectively. 

It became evident that once the Merino t-shirt was no longer offered through a PSS business model 

(or another system ensuring maximum utilization of the wool material) the total GHG emissions 

could increase to 14.4 kg CO2e/t-shirt and the t-shirt in the reference system thereby becomes 

preferable in terms of CCIP performance (3.2 kg CO2e/t-shirt). 

 

Figure 6. Climate change impacts per t-shirt from the reference system and the PSS. 
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When the CCIPs were quantified per t-shirt, the significance of the GHG emissions associated 

with “raw material production” became further pronounced. Relatively speaking the GHG emissions 

from the production of Merino wool fibres are ten times the magnitude of that of the production of 

fibres for the reference t-shirt, which could be attributed to the fact that the production of wool is 

related to other GHG emissions than CO2 such as methane (CH4) and laughing gas (N2O) having 

much larger global warming potentials than CO2. From the Ecoinvent database it was derived that 

approximately 55% of the GHG emissions from greasy wool production was attributed to CH4 and 

approximately 30% was attributed to emissions of N2O, which illustrates the importance of 

accounting for all GHG emissions at the Merino sheep farms. 

In favour of the reference t-shirt, the CCIP pattern for the t-shirt production was reversed when 

measured per t-shirt. The GHG emissions were reduced with a factor four for the reference t-shirt, 

whereas the CCIPs increased by 30% for the Merino t-shirt when calculated per t-shirt. 

In conclusion, the results show that in terms of the CCIPs of the Merino t-shirts offered through 

the PSS is preferable compared to the reference t-shirts offered through a transactional business 

model. The PSS business model is the basic pre-condition for the superiority of the Merino t-shirt as 

the ranking of the results (and products) is reversed when compared per t-shirt. Lastly, “raw 

material” and “t-shirt production” were both irrespective of the functional unit identified as the life 

cycle stages with the largest impact on the results. 

4.4. Testing the Robustness of the Results 

Often, sensitivity analysis is carried out in LCAs to test system boundaries, allocation 

approaches, parameter values and characterization methods [66]. In this case, we wanted to test the 

parameter values given in the PSS model. Therefore, the sensitivity of the product system model was 

tested applying a sensitivity ratio analysis. When applying a ratio sensitivity analysis, a ratio is 

calculated to determine the percentage; a given input parameter needs to be changed in order to 

reverse the ranking of the results [67]. 

The sensitivity analysis results showed that the number of t-shirts allocated to each soldier per 

six-month tour and the durability of the t-shirts (the number of six-months use periods per t-shirt) 

were the two most influencing input parameters and in this case significant for the PSS in order to be 

superior to the reference system when compared on a functional unit basis. In order to test the 

sensitivity of the results to a change in input parameters sensitivity ratios were calculated for the two 

parameters. The results are shown in Table 2. 

Table 2. The sensitivity of the product system model, i.e., percentages (the sensitivity ratios) by which 

the input parameters need to be changed in order to reverse the ranking of results. 

T-shirt 

System 

Input 

parameter 

(most 

influencing) 

Input 

parameter 

(current 

values) 

CCIP  

Pr. T-shirt 

system. 

(current 

values) 

Input 

parameter 

(reversed 

results) 

CCIP  

Pr. T-shirt 

system 

(reversed 

results) 

Sensitivity ratios  

(the percentage 

that the input 

parameter value 

needs to change in 

order to reverse the 

results 

Reference 

system 

Number of 

t-shirts per 

six-months 

5 

16.9 kg 

CO2e 

2.5 8.4 kg CO2e 50% 

Number of 

six-months 

use periods 

1 2.2 8.4 kg CO2e 120% 

PSS 

Number of 

t-shirts per 

six-months 

3 
8.6 kg 

CO2e 
6 17.2 kg CO2e 100% 
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Number of 

six-months 

use periods 

4 2 17 kg CO2e 100% 

 

The sensitivity ratio analysis showed that in order to reverse the ranking of the t-shirt systems, 

the two most influencing input parameters would have to be drastically changed. Either the number 

of reference t-shirts per soldier per six-months would have to be reduced by a factor of two, or the 

number of Merino t-shirts would have to be doubled. It was not regarded as a viable scenario to 

reduce the number of reference t-shirts per soldier, as this would underestimate the soldiers demand 

for t-shirts. Conversely, it is more likely that harsh conditions during certain field operations reduce 

the durability of the Merino t-shirts (and the reference t-shirts), implicating an increase in the demand 

for t-shirts per six-months tours. As this would apply to both types of t-shirts the scenario was not 

investigated any further. 

The sensitivity ratio for the number of six-month use periods for the reference system was 

calculated to 120%, i.e., in order to reverse the ranking of the results, the number of use periods would 

have had to increase from 1 to 2.2 tours of six-month duration. Two challenges were identified for 

prolonging the potential use period of the t-shirts in the reference system. Firstly, synthetic t-shirts 

more easily take on and persist odour, and although the physical durability of the t-shirt would 

remain beyond the six-month tour, the t-shirts are perceived obsolete due to odour (i.e., the reference 

t-shirts are discarded due to aesthetical reasons not technical). Secondly, there is no system for take 

back and reuse of synthetic t-shirts; hence, it is not likely that a prolonged lifetime would decrease 

the input of t-shirts to the MoD supply pools for operations abroad. If the soldiers choose to bring 

back t-shirts rather than having these burned in open pits, the t-shirts are most likely to fall out of the 

“official” system. The soldiers may use the t-shirts off-duty, which could substitute the purchase of 

new t-shirts for private use and thereby have the potential to reduce the total amount of t-shirts 

produced globally. However, such an assessment is considered highly uncertain, representative for 

a minority of the t-shirts, and beyond the scope of the present study. 

The sensitivity analysis showed that the number of use periods for the Merino t-shirts needed to 

be halved from four to two in order to reverse the ranking of the results. The exact fraction of Merino 

t-shirts suitable for direct reuse and/or refurbishment followed by reuse could only be established 

once the system had been implemented. 

4.5. Recommendations 

The impact assessment showed that the CCIPs from the life cycle of one Merino wool t-shirt 

exceeded the CCIPs from the reference t-shirt with a factor of 3.5. Once the Merino wool t-shirts were 

offered through a PSS business model, the results were reversed in favour of the Merino t-shirt 

offered via the PSS thus had CCIPs half the magnitude of CCIP of the reference system per functional 

unit. This entails, that in order for the Merino wool t-shirt to result in fewer GHG emissions than the 

reference t-shirt, it is vital that PSS strategies are implemented and followed. 

The most important PSS strategies were to ensure that the Merino t-shirts could be used for four 

tours of six-month duration and/or the number of t-shirts per soldier per tour was retained, due to 

the significantly higher CCIPs from the production of greasy wool compared to the synthetic 

reference fibres. The enforced superiority of the Merino t-shirts could be through the PSS including 

the tracking system and by establishing an efficient, low-emission reuse and refurbishment system 

that allowed for realisation of the expected lifetime. In summary, the Merino wool t-shirts from the 

PSS entail superior CCIP performance compared to the reference system. 

5. Discussion 

This section discusses learning that should be considered through the design process of PSS to 

minimise or eliminate environmental impacts. The discussion focuses on comparing this quantitative 
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study to a qualitative study attempting to understand environmental impacts from the apparel and 

textile industry from a waste perspective. In addition, the discussion focuses on a number of 

challenges that Kjaer et al. [22,40] identified when using LCA to evaluate the environmental 

performance of PSS. By conducting this case study, we saw a significant contribution of quantifying 

environmental potential for PSS business models when justifying the transition to a circular economy. 

However, when adopting LCA methodology for this purpose, the design of the PSS needs to be well 

thought to overcome some of the identified challenges. 

5.1. Environmental Performance of Circular Business Models in the Apparel and Textile Industry 

Kjaer et al. [22,40] acknowledged the limited number of case studies that use LCA as a 

methodology to assess the environmental performance of PSS. A study conducted by Corvellec and 

Stal [45], attempts to evidence the environmental impacts that PSS could have in the apparel and 

textile industry through a qualitative approach of waste impacts in PSS models in Nordic apparel 

brands. In contrast, this study demonstrated that LCA is a suitable method to evaluate the climate 

change impact potentials of a new PSS model, taking as example Merino wool t-shirts offered to the 

MoD. This is due to the fact that an LCA methodology account for all the relevant life cycle stages 

that contribute to environmental impacts. Despite that both studies had different focuses (i.e., 

Corvellec and Stal [45] focused on a business to consumer PSS and the waste impacts caused by the 

PSS itself. Our study focused on a business to business or public procurement PSS and the CO2e 

impact reduction caused by the PSS itself). There is common learning that could be considered for 

the future design of PSS as an alternative CEBM. 

In Corvellec and Stal’s [45] research, they found out that repair systems allow the active life of 

garments to be prolonged delaying customers to discard their clothes. However, take back systems 

or rent or lease systems allow customers to avoid the waste responsibility as customers could 

exchange their old garments for a voucher in the case of take back schemes or return back used 

garments after the leasing or renting period. Therefore, an unintended consequence of the PSS could 

be to increase levels of consumption without lowering levels of production causing more waste [68]. 

This study demonstrated that the total impacts on climate change per FU is 17.7 kg CO2e in the 

reference system and 7.0 kg CO2e in the proposed circular PSS. This is following the above 

recommendations with the assumptions that 30% of the clothes will be returned back to the pool for 

repurposing (repair and maintenance), the washing temperature will be 30 °C, and that the virgin 

material substitution rate would be 30%. If these assumptions and recommendations are followed 

this means that by reissuing Merino t-shirts, this will extend their lifetime. Product life extension is 

one of the most valuable circular economy strategies [24]. However, Pieroni [11, 42] had argued that 

to capitalise on the benefits of circular business models, their environmental potentials need to be 

quantified. Through this case study it was demonstrated that this can be done. However, there are 

still some challenges that needed to be overcome. 

In the Armadillo case, the environmental potentials depend on the 30% returned garments to 

the pool and on having multiple lifecycles of the same garment. However, the sensitivity analysis 

showed that the lifecycle of the t-shirts would be reduced from four six-month tours to two. This 

result impacted the design of the PSS model, therefore to minimise environmental impacts, the PSS 

should be thought in terms of how to keep the value of the garments by having the most multiple 

lifecycles through increased maintenance and repair. In addition, the Corvellec and Stal [45] study 

showed that thinking beforehand on strategies on how to prolong the active life of garments through 

avoiding waste is essential. Therefore, both studies showed that thinking on how value is created, 

delivered and captured whilst at the same time thinking on how material flows are minimised or 

eliminated in the design stage of the PSS are essential to avoid environmental impacts [9,68]. 

5.2. Challenges to be Overcome for a PSS Comparison Study 

As the PSS model is inexistent at the moment, the workshops helped to define both the reference 

system and the PSS alternative. This is related to the first challenge identified by Kjaer [22,40] in 

which innovation and novelty could be achieved with a PSS offering. However, this could be also 
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translated into uncertainty relating to the identification of the correct reference system. In this case 

study, many assumptions were taken, as the researchers could not access data from the MoD. In 

addition, PSS are often seen as a design strategy, which is another challenge identified by Kjear et al. 

Since the PSS presented in this case study is still in a design phase, there are no data regarding a 

successful implementation, and hence assumptions needed to be made. These limitations had an 

effect on how the system boundary was defined. As such, a scenario approach validated by secondary 

data was used to define the boundaries of the reference system and PSS, which helped to conduct the 

presented screening LCA. Once the PSS business model is implemented a second LCA could be 

conducted in order to validate the initial results. 

In addition, the design of the business model could also benefit by taking into account customer 

requirements, especially as the proposed PSS model would be operating on a regulated market (such 

as Defence), where the customer (MoD) need to operate following public procurement rules, and it 

is more difficult for the end user (MoD personnel) to make purchasing decisions [69]. To minimise 

the impact of the PSS to the current procurement system that the MoD follows, it was suggested that 

the PSS used the current freight system. This would help to facilitate the delivery of the PSS and 

possibly the acceptance of the PSS in this type of regulated market. However, a limitation to this 

study was that the market implications were out of scope, and therefore further study where 

customer needs and expectations are considered in the design process as the one conducted by 

Fargnoli et al. [70] could help to refine the proposed PSS design as well as understand if the proposed 

PSS model could work outside a regulated market, as for now the proposed PSS is highly dependent 

on using the MoD freight for it to work. 

This case study acknowledged that a broader perspective of LCA should be applied when 

assessing the environmental performance of PSS as suggested by Kjaer [22,40]. During the second 

workshop, different behavioural and contextual aspects were taken into account. As acknowledged 

by Reference [71], the environmental impacts of a PSS depend to a large extent on user behaviour 

and on the socio-cultural context in which the PSS is offered. Kjaer [22,40] see these two aspects as 

further challenges. In addition, the PSS design considered a whole perspective by thinking in multiple 

life cycles for the Merino T-shirts, by exploring CLR and OLR systems. This is related to another 

challenge identified by Kjaer [22,40] where extending the products life into multiple cycles is 

imperative for PSS models. However, whilst these challenges were considered during the design of 

the PSS, a full assessment of how behavioural elements and different recycling strategies are 

implemented need to be re-assessed to have a full perspective of possible rebound effects [22]. 

Through the case study the tangible and intangible elements that a PSS is characterised of was 

also identified. As such, as suggested by Kjaer [22,40], the functional unit was supplemented with the 

description of the sub-functions i.e., “The provision of t-shirts for one soldier during six months in 

the field”, that were equal between the reference system and the PSS, as well as being broadly 

defined. The functional unit needs to be the same when testing the PSS, however this could change 

regarding the effectiveness of the implementation. If the functional unit changes, this clearly will 

change the presented LCA results. 

6. Conclusions and Future Work 

Through conducting this case study, it is acknowledged that the LCA methodology could be 

adopted to assess the environmental performance of PSS. However, further guidance on the topic 

could help to perform this type of analysis to ensure true environmental benefits of these models. An 

LCA in the PSS design could give an indication of the environmental potentials of the proposed 

business models. However, further LCA studies should be conducted during the implementation 

stage to validate the environmental benefits of this business model. A further validation could help 

to portray the benefits of circular business models within the circular economy discourse. Future 

work will include a pilot study to implement the PSS. This implementation could revise some of the 

assumptions made in this study and could give a more detailed assessment of the delivery of a PSS 

to the military and possibly other public services. 
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The theoretical contribution of this research is related to the establishment and exemplification 

of how LCA studies can support the definition and refinement of circular business models focused 

on product/service-systems, at early development stages. By providing an overview of the potential 

environmental impacts of a number of different scenarios, practical support is provided to support 

the decision-making process and drive the development of more circular and sustainable PSS 

solutions. 
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