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RESEARCH ARTICLE

Situating the contribution of nature-based solutions in 
informal settlements within the context of urban metabolism: 
lessons from selected informal settlements in Ghana
Dorothy Julian Nalumua, Daniela Perrottia, Elisabetta Rosaa, Owusu Amponsahb and 
Stephen Appiah Takyib

aUrban Metabolism LAB UCLouvain, Universite catholique de Louvain, Ottignies-Louvain-la-Neuve, Belgium; 
bDepartment of Planning, Kwame Nkrumah University of Science and Technology, Kumasi, Ghana

ABSTRACT  
The assessment of nature-based solutions (NBS) in informal 
settlements (IS) offers significant potential to enhance urban 
metabolism (UM). However, there is little recognition of its 
contribution to UM and addressing socio-ecological challenges. This 
study selected IS in Accra and Kumasi, Ghana, to address the 
following research questions: What are the environmental and 
social challenges in the IS? What are the existing NBSs among the IS 
typologies, and how can the NBS contribute to UM? 770 household 
heads were interviewed, supported by 6 focus group discussions 
and observation. Descriptive statistics, chi-square tests and content 
analysis revealed common socio-ecological challenges, including 
waste disposal, water scarcity, and heat, which vary across the IS. 
For example, water scarcity was more severe in Nima, with 75.9% 
of residents affected compared to only 21.5% in Ayigya Zongo 
(p < 0.001). Additionally, challenges related to physical 
infrastructure, such as sanitation systems and access to potable 
water, were identified. Old Fadama has better sanitation (67.6%) 
compared to Dagomba Line (51.7%) (p < 0.009). Nevertheless, NBS 
positively contributes to UM through regulation/support, provision, 
and cultural/spiritual benefits. For example, Nima demonstrates 
higher provisioning benefits such as water harvesting (59%), thus 
reducing over-reliance on government water supply. Dakwadwom 
demonstrates high-temperature control (55%) and water regulation 
(87%), thus reducing water demands and energy. Policy should 
therefore focus on supporting NBS interventions such as rainwater 
harvesting, gardening, tree planting, and soil protection techniques 
at household levels in the IS, to address socio-ecological challenges 
and impact on overall UM.
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1. Introduction

Although the contribution of nature-based solutions (NBS) to socioecological systems is 
increasingly documented in academic literature (Asare, Atun, and Pfeffer 2024; Tzoulas 
et al. 2021), recent studies highlight the need to more closely examine how NBS 
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influence socioecological benefits and urban metabolism (UM) (Cárdenas-Mamani and 
Perrotti 2022). This is crucial for city planning (Smit et al. 2019) and an in-depth under
standing of how NBS can be used to improve UM in informal settlements (IS) (Nalumu 
and Perrotti 2024). According to Cohen-Shacham et al. (2016, 2), NBS are defined as 
“actions to protect, sustainably manage, and restore natural or modified ecosystems, 
which address societal challenges”. In this article, Diep et al. (2022) define NBS as 
actions that support and are supported by nature to address societal challenges. This 
definition supports the understanding of NBS and their contribution to the UM of informal 
settlements (IS) at both the household and community levels, as it emphasises the 
demand for NBS to provide ecosystem benefits (Nalumu, Perrotti, and Rosa 2025). The 
UM approach is based on a bottom-up approach to collect and analyse data, and is 
vital for understanding resource flows in the IS (Smit, Parnell, and Solecki et al. 2018). 
The UN-Habitat (2012) defined IS as household dwellings that lack one or more of the fol
lowing: secure tenure, adequate living spaces, durable housing, adequate sanitation, and 
improved drinking water. As per this article, IS is referred to as settlements outside formal 
urban planning and regulatory frameworks (Charmes 2012) and forms of entitlements not 
recognised by existing legal urban planning regimes (Dovey and King 2011).

Across the conventional literature, studies (Mulligan et al. 2020; Seddon 2022) have 
reported that IS in urban areas have NBS initiatives for addressing local environmental 
challenges. While these are considered important for local environmental sustainability, 
there is limited research on how NBS contribute to UM, a perspective necessary for a 
broader understanding of their overall benefits. For example, NBS such as rainwater har
vesting, urban gardens, and energy systems contribute to the sustainability of water, 
energy, and waste flows, which is currently not investigated and how NBS address both 
environmental and social challenges within distinct IS contexts (Nalumu and Perrotti 2024).

Moreover, urban planners and practitioners are advocating a need to understand the 
social-ecological interactions that exist in the IS (Azunre et al. 2021; Cobbinah, Erdiaw- 
Kwasie, and Amoateng 2015). Presently, there is an urgent need for data on how NBS 
are supporting the social and ecological needs of the inhabitants of the IS (UN-Habitat 
2022). UM studies (Currie and Musango 2017) provide studies that guide sustainable 
urban planning and design. However, they have not effectively captured the social and 
ecological processes that exist in the IS. IS are either excluded or overlooked in the meta
bolic analysis (de Souza and Torres 2021). In response to this gap, it is critical to explore 
NBS’s contribution to UM, offering a better understanding of how to protect the natural 
environment in IS while creating context-specific environmental strategies that align with 
local needs. About 199.5 million people live in the IS in sub-Saharan Africa (UN-Habitat 
2003), and by 2030, the urban population of developing countries is predicted to 
double, (UN-Habitat 2016). Therefore the focus of IS are important component of city 
interactions because they provide housing for a significant part of the urban labour 
force (Becciu et al. 2020) and also contribute to socio ecological system and UM as 
they are consumers of energy and material goods and generators of waste.

While global studies on NBS and UM have largely focused on formal urban contexts in 
the Global North and parts of Asia, there remains a limited empirical understanding of 
how these concepts operate in rapidly urbanising sub-Saharan African cities. Ghana pre
sents a critical entry point for bridging this gap, as its IS reveal how locally driven ecologi
cal practices can illuminate the broader theoretical relationships between NBS and UM in 
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the Global South. One of the primary environmental challenges facing cities in SSA, particu
larly Ghana, is the degradation of natural resources (Cobbinah, Poku-Boansi, and Peprah 
2017). Rapid urbanisation has resulted in significant land consumption, deforestation, 
and habitat destruction. This is particularly critical in Accra and Kumasi, where urban 
sprawl has encroached on green spaces and led to a loss of biodiversity (Schiavina et al. 
2019). For example, flash floods are more frequent in Accra than in Kumasi. Furthermore, 
there is a large proportion of the urban poor, who lack access to basic services such as 
clean water, sanitation, and affordable housing (Doe and Aboagye 2022). In this context, 
NBS in IS has demonstrated significant potential to address environmental and social chal
lenges by enhancing the UM process in Kumasi and Accra at the household and community 
level within the IS (Nalumu, Perrotti, and Rosa 2025). Accordingly, NBS can contribute to the 
efficient management of water, energy, and waste, thereby addressing some of the critical 
challenges facing these cities (Cárdenas-Mamani and Perrotti 2022). Although NBS are 
central to enhancing socioecological resilience, their integration with emerging sustainabil
ity paradigms such as artificial intelligence-driven urban management, green energy tech
nologies, and circular economy models is increasingly emphasised for improving city 
liveability (Li et al. 2024). These complementary approaches, when compared with NBS, 
highlight the potential for synergistic and technology-informed pathways toward sustain
able UM. For example, rainwater harvesting, wetland restoration, and the use of green infra
structure in the IS can reduce their reliance on centralised water supply systems and 
improve water security (Diep et al. 2022). Additionally, the restoration of natural drainage 
systems can mitigate flooding and prevent the contamination of water sources, which is 
a major issue in Accra’s IS (Okyere et al. 2021). Solar energy and other sustainable energy 
practices can reduce the pressure on the national grid and promote energy self-sufficiency 
in IS (Adusei et al. 2018).

NBS can contribute to waste management by promoting composting and recycling 
practices, which convert organic waste into useful products such as fertiliser for urban 
gardens (Wolff, Rauf, and Hamel 2023). This not only reduces the amount of waste gen
erated but also creates a circular economy where waste is repurposed to support 
urban agriculture and enhance food security (Makuwira 2022). There is limited evidence 
and contextualisation of NBS contribution to specific cases (Kabisch, Frantzeskaki, and 
Hansen 2022; Nalumu and Perrotti 2024). Along the same line, most studies on UM 
focus on formal urban areas with well-established infrastructure, leaving a gap in under
standing how IS contribute to and benefit from sustainable resource flows (Broto, Allen, 
and Rapoport 2012; Smit et al. 2017). In Kumasi and Accra, IS play a crucial role in cities’ 
sustainable development (Azunre et al. 2021), but NBS’s contribution to UM remains 
unexplored. While many studies have identified how people perceive the NBS (Asare 
2021; Boateng and Adams 2023), the diversity in people’s perceptions represents a chal
lenge for practitioners who may desire to derive practical implications from such studies. 
In Ghana, IS are outside formal urban planning and regulatory frameworks, with no or 
limited access to municipal services, as informal dwellers rely on NBS to address some 
of their social-ecological challenges, and desire for support to implement and enhance 
the existing NBS initiatives (Asare 2021; Boateng and Adams 2023). Therefore, assessing 
people’s perceptions or understanding of the benefits and contribution of NBS to UM 
can aid planners and urban managers to better identify and incorporate diverse commu
nity needs, such as awareness creation in urban management.
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Against this backdrop, the goal of this study is to assess the contribution of NBSs and 
how they enhance UM in the various types of IS in Ghana. This allows cross-examination of 
the problems, lessons learned and suitable solutions (Smit et al. 2019). Three key research 
questions were formulated, including what the environmental and social challenges are in 
the IS? What are the existing NBSs among the IS typologies, and how can the NBS contrib
ute to UM? The key questions informed the design of the household survey questionnaire, 
with each question further supported by guiding sub-questions (see Supplementary 
Materials)

This study contributes to the literature in four different ways: firstly, it examines the 
typologies of IS in Kumasi and Accra and analyses the NBS approaches currently in 
place; secondly, this study provides a typology-specific understanding of NBS implemen
tation. Thirdly, the study offers insights into how different forms of NBS address both 
environmental and social challenges within distinct IS. This adds value to the literature 
by categorising NBS approaches based on settlement typologies, which could be 
applied to similar urban areas in West Africa and beyond. Fourthly, the study provides 
empirical evidence on how NBS could contribute to sustainable UM of water, energy, 
and waste flows in IS.

1.1. Conceptualisation of UM

Understanding the UM concept in the IS is an emerging area of interest (Nalumu, Perrotti, 
and Rosa 2025). Smit et al. (2017) report that to make robust and appropriate infrastruc
ture choices, urban planners need better information on the material reality of IS and their 
contribution to the city’s metabolism. The concept of UM provides a valuable framework 
for examining the contribution of NBS to improving the flow of energy, materials, and 
resources within IS. Rooted in a bottom-up approach (Currie and Musango 2017; Smit, 
Parnell, and Solecki 2018), UM is particularly suited to studying resource dynamics at 
the household level. Smit et al. (2017) emphasised the importance of integrating the his
torical UM concept, originally formulated in 1894, with contemporary sustainable devel
opment paradigms. This integration facilitates the analysis of sustainable urban 
development issues, such as quality of life and urban planning for sustainable cities. 
Adopting the 2030 Agenda for SDGs has further strengthened the connection between 
UM and sustainable development, highlighting their collaborative potential. As such, 
this study focuses on land resource input elements of UM, which include water, energy, 
food, buildings and materials, as these are directly delivered by NBS initiatives. They 
also have a direct societal impact at both the household and community levels within 
IS. Given the NBS as contributors to the metabolic inputs of key resources, this study 
aims to explore their role in supporting social-ecological livability and sustaining ecosys
tem benefits at the household level.

1.2. Conceptualisation of NBS

NBS is an umbrella concept for ecosystem-based adaptation and urban green infrastruc
ture rooted in climate change mitigation and adaptation strategies (Pauleit et al. 2017). 
Some authors argue that, unlike other approaches, NBS is based on a participatory 
bottom-up approach and is conscientious in first addressing the most vulnerable 
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(Wolff, Rauf, and Hamel 2023). These principles are reported to be valuable when planning 
for natural resource use in cities with high rates of IS because inhabitants have demon
strated unique and complex interactions with social-ecological systems for ecological 
benefits contributing to sustainable development (McEvoy et al. 2024; United Nations 
2023). Studies on IS highlight NBS as common sources of essential provisioning 
benefits, such as access to water, energy, and solid waste management. Furthermore, 
these studies provide insights into how nature contributes to resource flows at the house
hold level, aligning with the concept of UM. In IS, various NBS initiatives are implemented 
to address specific issues such as water scarcity, food security, human health, disaster risk 
reduction, and climate change. The contribution of NBS to resource flows such as water, 
energy, and housing materials is classified using the Common International Classification 
of Ecosystem Services (CICES) v5.1. The classification organises the services into provision
ing, regulating, and socio-cultural benefits (Haines-Young and Potschin 2010). Addition
ally, this classification aids in understanding how NBS supports resource flows and UM 
processes in IS (Cárdenas-Mamani and Perrotti 2022).

1.3. Nexus between NBS and UM

This section examines the commonalities and interconnections between the social and 
ecological concepts of NBS and UM. It underscores the critical role of nature in facilitat
ing resource flows at the household level. NBS and UM are characterised by bottom-up 
approaches, which are essential for data collection, contextualisation, and the analysis of 
material flows in UM studies (Currie and Musango 2017; Smit, Parnell, and Solecki 2018). 
Similarly, bottom-up methodologies are highly recommended for knowledge generation 
and data gathering in NBS studies, as they enhance the relevance and applicability of 
findings within the IS context (McEvoy et al. 2024). Teferi and Newman (2017) used 
the extended metabolism model and the SDG to highlight the importance of key 
resource inputs such as land, water, energy, buildings, and materials in IS redevelop
ment. These inputs align closely with the resources required for NBS initiatives to 
improve UM through ecosystem benefits (Cárdenas-Mamani and Perrotti 2022). Ecosys
tem benefits include: provisioning (e.g. water, food, and energy), regulating (e.g. temp
erature and humidity control, hydrological cycle management, filtration, sequestration, 
and storage), and socio-cultural (e.g. recreation, aesthetics, spirituality, culture, and edu
cation) (Cárdenas-Mamani and Perrotti 2022; Nalumu and Perrotti 2024). Importantly, the 
alignment of ecosystem benefits with resource inputs provides the integrative potential 
of NBS and UM in addressing resource flow challenges in IS. Finally, both NBS and UM 
emphasise co-design processes that involve community participation (Diep et al. 2022; 
Smit et al. 2019). This shared focus extends to the incorporation of local knowledge 
and practices at the household level during data collection, reinforcing the relevance 
of these frameworks in addressing the complex challenges faced by IS. In the context 
of Kumasi and Accra, UM theory helps to analyse NBS contribution to resource flows 
in the IS in the face of rapid urbanisation. IS are often under-studied in terms of how 
they get access to basic provisioning utility services and their contributions to the 
city’s metabolism. Therefore, exploring NBS’s contribution to UM will provide insight 
into how NBS can address local environmental challenges and enhance resource flows 
within the IS.
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2. Method

2.1. Study settings

The study was conducted in Kumasi and Accra IS. Geographically, Accra is the largest city 
and the biggest economic and administrative hub of Ghana. According to the Ghana Stat
istical Services (GSS 2021), it has a population of 5,455,692. Over the past two decades, it 
has experienced rapid urbanisation (de-Graft Aikins and Koram 2017). This is due to the 
diverse economic, administrative and industrial opportunities, and various migrants 
from different backgrounds are attracted to the city. This has resulted in the development 
and expansion of IS. The city is situated at an elevation of approximately 61 meters (200 
feet) above sea level and is located between Latitude 5.55°N and Longitude 0.20°W. The 
Greater Accra Region covers an area of 3,245 km², with the Greater Accra metropolitan 
area covering a total land area of 139.674 Km2 (GSS 2012).

Kumasi is the second-largest city in Ghana. The land area of Greater Kumasi is 
approximately 2,589 km², with the Kumasi metropolitan area with 214.3 square km 
of land area. Kumasi has an elevation of between 250 and 300 m above sea level 
and is situated between Latitude 6.35°N and 6.40°S and Longitude 1.30°W and 1.35°E 
(GSS 2014) . Kumasi metropolitan area is one of the fastest urbanising cities in 
Ghana, with a population of 3,490,000 and an annual growth rate of over 5% (GSS 
2021). Kumasi is the business hub of the Ashanti Region, and its population is projected 
to grow due to high in-migration and natural demographic increase (Cobbinah et al. 
2020). Kumasi was previously called the “garden city of West Africa” because of its 
widespread green infrastructure; however, the city has lost most of its green spaces 
to socio-economic developments and faces several environmental challenges (Takyi 
et al. 2022).

The two cities have contrasting socioeconomic and climatic profiles, allowing the 
exploration of NBS contribution to UM under different contextual conditions and metro
politan areas. IS in each city represent three types of Ghanaian slums in Paller (2015) as 
indicated in Table 1, in the brackets are names of IS that fall in the same category; the 
italic ones from Accra and the non-highlighted ones from Kumasi. Namely: Extra-legal 
(not officially recognised by local/national authorities) (Agbogbloshie and Dagomba 
Line); Indigenous (traditional settlements) have descended into slums due to urban plan
ning failures (Ga Mashie and Dakodwom); and purchased (legitimised through legal pro
cesses followed by settlers) (Nima and Ayigya Zongo). The suburbs were selected for this 
study because they remain among the largest slums in Ghana and are characterised by 

Table 1. The number of households sampled in locations and sublocations.
Typology of IS Location Sub location Projected Population (2024) Total household Sample household

Kumasi
Purchased Ayigya Zongo 11515 2094 144
Indigenous Dakodwom 4775 1592 110
Extra-legal Dagomba Line 3599 1714 118

Accra
Purchased Nima 145269 26412 145
Indigenous Jamestown 31218 20812 114
Extra-legal Old Fadama 126857 25371 139

Total 770
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poor sanitary conditions, limited provision of utility services, sub-standard buildings, and 
rapid diminishing of green spaces (Adusei et al. 2018; Tutu et al. 2017) (Figure 1).

2.2. Research design

This study employed a multiple case study within a mixed-method approach (Malina, 
Nørreklit, and Selto 2011) to examine the contribution of NBS to UM in IS. Using a case 
study within a mixed-method approach allows the study to investigate a particular real- 
life situation (the case study) while simultaneously gathering both qualitative and quanti
tative data to provide a comprehensive understanding (Plano Clark 2017). Consequently, 
there is a need for a study that prioritises quantitative data while still incorporating quali
tative data to gain a deeper understanding of the contribution of NBS to UM of the IS 
phenomenon in Ghana. Additionally, the case study method is a suitable and effective 
approach because it aligns well to explore the context-specific environmental and social 
challenges in the different IS typologies, as well as their contribution to UM (Nalumu et 
al. 2025). The qualitative approach was used to collect qualitative data on respondents’ 
opinions on the environmental and social challenges, types and sources of basic provision
ing services, and existing NBS in IS. The interview guide was used to interview key infor
mants (basic utility service vendors in the IS) due to their experience and influence. The 
secondary data primarily use journal articles that focus on the environmental and social 
challenges, existing NBS in IS and their contribution to UM. Field surveys were used to 
obtain data from the household heads.

Figure 1. Location of the study areas.
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2.3. Sampling

The study used a cross-sectional survey design on house questionnaire surveys and inter
views for data collection. Stratified proportionate sampling and simple random sampling 
techniques were used to sample the respondents from the population. The sub-locations 
in Accra were Nima, Old Fadama, Jamestown and Kumasi; Ayigya Zongo, Dakodwom, and 
Dagomba Line. Through a random sampling technique, a total of 770 household heads 
were selected and proportionally distributed among the six settlements in Table 1. Given 
the challenges in obtaining up-to-date population data in the IS of Ghana, the current popu
lation estimates were derived through projection methods shown in Table 1. The types of IS 
presented in Table 1 represent three IS in Accra and three in Kumasi. In each city, three types 
of Ghanian IS are presented (Paller 2015). Each IS, although they may fall in the same typol
ogy, has different social-ecological characteristics and an independent presentation. In 
addition, they are located in different municipal areas, each with a different average house
hold size as reported by the Municipal Planning Office, which was used to calculate the 
sample size (See Table 1). This approach is often necessary when reliable or current census 
data is unavailable, allowing for informed estimations based on historical trends or other 
demographic indicators (Smith, Tayman, and Swanson 2013; United Nations 2019). Purpo
sive sampling was used to select key participants for the focus group discussion (FGD) 
because of their rich experience and leadership in the selected communities.

The study offers a short overview of respondent socio-demographics. A complete vari
ables is listed in the Appendix. 1 (Supplementary material). It shows the comparison of the 
three types of IS – Purchased, Indigenous, and Extra-legal, as well as the socio-demo
graphic differences across different communities in Accra and Kumasi.

2.4. Data collection

2.4.1. A questionnaire survey
Semi-structured interviews were conducted with 770 respondents, and the unit of 
inquiry was the household heads to capture their socio-economic information, knowl
edge about the environmental and social challenges, type and source of basic provi
sioning services, NBS ecosystem benefits, the existing NBSs to the environmental and 
social challenges as well as their contribution to UM. The questionnaire was based on 
previous studies that aimed to investigate household environmental and social chal
lenges in the IS, and how NBS contribute to ecosystem benefits (e.g. Diep et al. 2022; 
Roy et al. 2018). Data were collected through face-to-face interviews. Respondents 
were requested to rate the environmental and social challenges using 0 = No, Yes = 1, 
the existing NBSs coping strategies among the IS using 0 = No, Yes = 1, as well as the 
contribution of NBS to ecosystem benefits using 0 = No, Yes = 1, To what extend do 
you agree with the statement: Land should be reserved for gardening in your neigh
bourhood? Using a Likert scale, 1 = Strongly disagree, 5 = Strongly agree. The contri
bution of NBS to UM is classified into provisioning, regulating and social-cultural. The 
NBS coping strategies were divided into flood management and water conservation: 
rain garden, water harvesting, planting trees, community and domestic gardens, 
improving air quality and reducing heat: green roof and walls, waste management 
and sanitation: soil protection/composting, soil erosion and land stabilisation: 
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permeable paving, sandbags, hedges. Besides the closed questions, free space for com
ments or alternative answers was also included.

The questionnaires were designed and collected with Kobo Collect software because 
of its capacity to synchronise data offline and enable data collection with limited internet 
access (Nampa et al. 2020). Fieldwork assistants from Kwame Nkrumah University of 
Science and Technology (KNUST) were trained to assist in the data collection. Fieldwork 
assistant recruitment primarily utilised two local languages: Twi and Hausa. Though the 
survey was initially developed in English, the fieldwork assistants translated questions 
into these local languages when necessary, ensuring clarity and engagement. Data collec
tion spanned six months, from November 28, 2023, to April 14, 2024. Surveys were con
ducted predominantly during weekends, public holidays, and weekday evenings from 
4:00 to 6:00 pm, as these times aligned with the availability of household heads. Before 
the survey, the questionnaire was initially tested for content and face validity and 
modified accordingly based on certain comments of experts from KNUST and respon
dents from a neighbouring and comparable area.

2.4.2. Focused group discussion
In April 2024, six FGDs were conducted in the selected IS to capture detailed knowledge 
about environmental and social challenges, existing NBSs, as well as the contribution of 
NBS to UM. The FGD was conducted to validate the interpretation of responses and 
provide a basis to formulate suitable recommendations. The group comprised: traditional 
authority, assemblyman, unity committee, religious, opinion leaders, women and youth 
and women representatives. Each group comprised 8 members, and the interview 
lasted for 50 min. The participants were asked a set of questions, initially derived from 
the literature and based on observation, which discovered key environmental and 
social challenges, the existing relevance of NBS and its association with UM. After per
mission from the participant, the session was audio-recorded to avoid missing any impor
tant points. Notes were taken during the FGD as a backup.

2.4.3. Observation
Field observation was used to improve the validity of the information obtained from the 
household through triangulation. Photographs were taken from the field to further 
provide clarity on the presence of NBS initiatives, environmental and social challenges, 
housing infrastructures and designs. This strategy was useful when respondents were 
unable to convey their feelings verbally for a variety of reasons. This visual documentation 
enabled the comparison between reported and observed conditions, thereby improving 
the reliability of the data.

2.5. Data analysis

Data were subjected to analyses using SPSS 27.0 software (BM Corp 2020). Descriptive (fre
quency, percentage) and nonparametric (chi-square, X2) tests were used. First, descriptive 
statistics were reported, such as the percentages of study participants’ coping strategies, 
and the existing NBSs among the IS typologies meant to solve the social and environ
mental challenges. The divergent bar graph was also applied to describe the extent to 
which respondents agree with the statement: Land should be reserved for gardening 
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(including ornamental and edible) in our private house or around the neighbourhood. The 
chi-square goodness-of-fit test was carried out for the binary questions. This allowed the 
relative proportions of the observed and expected frequencies to be compared, response 
by response, between the two groups; and the usual statistical procedure recommended 
would be a chi-square test. When the response frequency is lower than five in any cat
egory, the chi-square test is not appropriate, so Fisher’s exact test was used. We report 
95% confidence intervals (CIs) to convey the precision and practical significance of all esti
mates. The chi-square test is a widely used method for measuring if a significant associ
ation or similarity exists between two nominal or categorical variables (Agresti 2007; 
Anderson 1996). Chi-square was used to compare responses related to the environmental 
and social challenges in Kumasi and Accra. The chi-square was also applied to test whether 
differences exist in the contribution of NBS to UM in IS under the null hypothesis of no sig
nificant differences between the observed and the expected value.

The qualitative responses to questions: “What are the environmental challenges in the 
community and how can they be addressed through NBS?”, “What NBS exist and how 
can you promote it?”, and How do you benefit from the ecosystem in the community? 
responses were coded to fit into the following categories: environmental challenges, 
social challenges, NBS initiative, ecosystem benefits and preferred NBS. In this approach, 
the material is read several times until the main headings are obtained. The whole 
coding process was analysed in Excel software. Based on the convergent mixed- 
methods approach, the quantitative and qualitative data were collected at the same 
time and analysed separately. Then integrated by laying out the quantitative results 
beside the qualitative insights. We looked for where the results agreed, where they 
added different pieces of the story, and where they conflicted. Qualitative insights 
helped explain any unexpected quantitative patterns. Finally, we assessed agreement, 
complementarity, and discrepancies, using qualitative findings to clarify unexpected 
quantitative results and to form a single, combined conclusion for each research ques
tion drew overall conclusions for each research question by considering both strands 
together.

To ensure the reliability and validity of the instruments, three experts in the field from 
the Kwame Nkrumah University of Science and Technology (KNUST) confirm content val
idity and ensure alignment with the study objectives. A pilot test was then conducted in a 
comparable informal settlement to evaluate the clarity, relevance, and internal consist
ency of the items. The Cronbach’s alpha coefficient for the Likert-scale items was 0.81, 
indicating good internal reliability (George and Mallery 2018). Finally, this study was 
approved by the Humanities and Social Sciences Research Ethics Committee, Kwame 
Nkrumah University of Science and Technology.

3. Results and discussion

3.1. Socio-ecological challenges in the selected IS

It is important to understand the social and ecological challenges facing the IS, and 
this will allow the identification of suitable solutions to address them. In the conven
tional literature (Amoako and Inkoom 2018; Boateng and Adams 2023), several chal
lenges are reported, including limited access to essential services such as water, 
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sanitation, and electricity, which are compounded by tenure insecurity and poor solid 
waste disposal. On the ecological side, IS is located in ecologically fragile zones that 
are exposed to floods, landslides, and heat stress (Hamel and Tan 2022). From the UM 
perspective, these challenges reflect imbalances in the flows of energy, materials, and 
ecosystem services that sustain urban life. Drawing on the Common International 
Classification of Ecosystem Services (CICES, v5.1) these disturbances constrain both 
provisioning (e.g. access to clean water), regulating (e.g. flood control and air 
quality regulation), and cultural services (e.g. social cohesion and place attachment), 
revealing a disruption in the socio-ecological exchange processes that underpin 
urban functioning.

The SENIEU–EHWE framework (Nalumu, Perrotti, and Rosa 2025) further advances 
this understanding by linking social–ecological network interactions (SENIEU) with eco
system health and human well-being (EHWE) outcomes. This framework emphasises 
that the vulnerabilities observed in IS such as water scarcity, flooding, and waste mis
management represent both ecological stressors and social inequities that weaken 
the UM of these communities. According to the findings (Table 2), of the comparison 
of various environmental challenges between Accra and Kumasi, the chi-square test 
result shows significant differences in environmental challenges such as water scarcity, 
flooding, heat stress, improper waste dumping, air pollution, and erosion. In Purchase 
settlements, for example, it was revealed that water scarcity is significantly more 
severe in Nima, with 75.9% of residents affected compared to only 21.5% in Ayigya 
Zongo (p < 0.001). Conversely, flooding is more prevalent in Nima, where 86.1% 
report flooding, compared to 51% in Ayigya Zongo (p < 0.001). Heat stress is more 
common in Nima (22.1%) than in Ayigya Zongo (11.1%) with (p = 0.012). Erosion is a 
major concern in Nima (64.1%), much more so than in Ayigya Zongo (4.9%; p <  
0.001). Waste management challenges are also significantly greater in Nima, where 
57.9% struggle compared to 19.4% in Ayigya Zongo (p < 0.001). Viewed through the 
combined CICES and SENIEU–EHWE lenses, these differentiated patterns illustrate how 
ecological pressures and social structures interact to produce uneven urban metabolic 
outcomes where the degradation of regulating and provisioning benefits corresponds 
to heightened social vulnerabilities and declining well-being. The narratives of residents 
provide a grounded reflection of these intertwined processes, capturing how the lived 
realities of scarcity, exposure, and adaptation express the metabolic and socio-ecologi
cal dynamics of their environments. For example, a respondent from Nima narrated 
that: 

We are contributing to environmental problems. People generate garbage, and instead of 
sending it to where it is supposed to go, they dump it in someone’s backyard or the 
gutters. When it rains, the smell is unbearable.

Additionally, in Nima, respondents identified flooding as a significant issue due to 
improper waste management. A respondent stated that: “People dump garbage in the 
gutters, which later causes flooding”. Meanwhile, respondents in Ayigya Zongo empha
sised the waste disposal problem and its contribution to erosion, as one participant 
remarked, “No matter how many times you clear the gutters, they get choked when it 
rains”.

LOCAL ENVIRONMENT 11



Ta
bl

e 
2.

 C
om

pa
ris

on
s 

of
 t

he
 s

ta
te

 o
f 

so
ci

o-
ec

ol
og

ic
al

 c
ha

lle
ng

es
 b

et
w

ee
n 

se
le

ct
ed

 IS
.

Pu
rc

ha
se

d
In

di
ge

no
us

Ex
tr

a-
le

ga
l

Ac
cr

a
Ku

m
as

i

St
at

is
tic

Ac
cr

a
Ku

m
as

i

St
at

is
tic

Ac
cr

a
Ku

m
as

i

St
at

is
tic

N
im

a 
(1

45
)

Ay
ig

ya
 Z

on
go

 
(1

44
)

Ja
m

es
to

w
n 

(1
14

)
D

ak
od

w
om

 
(1

10
)

O
ld

 F
ad

am
a 

(1
39

)
D

ag
om

ba
 li

ne
 

(1
18

)

N
o

Ye
s

N
o

Ye
s

N
o

Ye
s

N
o

Ye
s

N
o

Ye
s

N
o

Ye
s

N
 (

%
)

N
 (

%
)

N
 (

%
)

N
 (

%
)

N
 (

%
)

N
 (

%
)

N
 (

%
)

N
 (

%
)

W
at

er
 s

ca
rc

ity
35

 
(2

4.
1)

11
0 

(7
5.

9)
11

3 
(7

8.
5)

31
 

(2
1.

5)
<

0.
00

1
30

 
(2

6.
3)

84
 

(7
3.

7)
70

 
(6

3.
6)

40
 

(3
6.

4)
<

0.
00

1
33

 
(2

3.
7)

10
6 

(7
6.

25
)

73
 

(6
1.

9)
45

 
(3

8.
1)

<
0.

00
1

Fl
oo

di
ng

71
 

(4
9.

0)
74

 
(5

1.
0)

12
4 

(8
6.

1)
20

 
(1

3.
9)

<
0.

00
1

61
 

(5
3.

5)
53

 
(4

6.
5)

70
 

(6
3.

6)
40

 
(3

6.
4)

0.
12

4
46

 
(3

3.
1)

93
 

(6
6.

9)
46

 
(3

9.
0)

72
 

(6
1.

0)
0.

32
6

H
ea

t 
st

re
ss

32
 

(2
2.

1)
11

3 
(7

7.
9)

16
 

(1
1.

1)
12

8 
(8

8.
9)

0.
01

2
38

 
(3

3.
3)

76
 

(6
6.

7)
20

 
(1

8.
2)

90
 

(8
1.

8)
0.

01
0

26
 

(1
8.

7)
11

3 
(8

1.
3)

13
 

(1
1.

0)
10

5 
(8

9.
0)

0.
08

7

Im
pr

op
er

 W
as

te
 d

um
pi

ng
84

 
(5

7.
9)

61
 

(4
2.

1)
11

6 
(8

0.
6)

28
 

(1
9.

4)
<

0.
00

1
46

 
(4

0.
4)

68
 

(5
9.

6)
81

 
(7

3.
6)

29
 

(2
6.

4)
<

0.
00

1
78

 
(5

6.
1)

61
 

(4
3.

9)
76

 
(6

4.
4)

42
 

(3
5.

6)
0.

17
6

Ai
r 

po
llu

tio
n

22
 

(1
5.

2)
12

3 
(8

4.
8)

21
 

(1
4.

6)
12

3 
(8

5.
4)

0.
88

8
15

 
(1

3.
2)

99
 

(8
6.

8)
20

 
(1

8.
2)

90
 

(8
1.

8)
0.

30
1

23
 

(1
6.

5)
11

6 
(8

3.
5)

23
 

(1
9.

5)
95

 
(8

0.
5)

0.
54

0

Er
os

io
n

52
 

(3
5.

9)
93

 
(6

4.
1)

13
7 

(9
5.

1)
7 

(4
.9

)
<

0.
00

1
45

 
(3

9.
5)

69
 

(6
0.

5)
98

 
(8

9.
1)

12
 

(1
0.

9)
<

0.
00

1
67

 
(4

8.
2)

72
 

(5
1.

8)
10

3 
(8

2.
3)

15
 

(1
2.

7)
<

0.
00

1

N
ot

es
: *

 s
ig

ni
fic

an
t 

at
 p

 <
 0

.0
5.

12 D. J. NALUMU ET AL.



In Indigenous communities, Jamestown and Dakwadwom face different environmental 
problems. Water scarcity is more prominent in Jamestown, affecting (73.7%) of residents, 
compared to (36.4%) in Dakwadwom (p < 0.001). Flooding did not show a significant 
difference between the two (p < 0.124), but Jamestown experiences significantly higher 
heat stress (33.3%) than Dakwadwom (18.2%) (p < 0.010). Waste management challenges 
are more severe in Jamestown, with 40.4% facing problems, compared to 26.4% in Dak
wadwom (p < 0.001). Erosion is also a greater issue in Jamestown (60.5%) (p < 0.001), indi
cating a significant environmental challenge. A respondent from Jamestown mentioned 
that: 

During the rainy season, we who are located beside the slope face a lot of problems. The rain 
washes away the sand, leaving holes in the streets. Even when we fill in the holes, the heavy 
rain comes again to remove the sand.” We need more trees and grass to protect our local 
environment

In James Town, respondents pointed out waste as a primary challenge, highlighting 
communal difficulties with organising labour for clean-up and the lack of proper waste 
disposal practices, as narrated by a respondent: “Communal labour has become 
difficult; people don’t want to pay for waste collection, and garbage piles up”. On the 
other hand, Dakwadwom respondents mentioned better management of drainage 
systems and less severe waste problems.

Old Fadama and Dagomba Line, both classified as extra-legal settlements, experience 
major environmental challenges. Water scarcity is far more prevalent in Old Fadama, with 
76.25% of residents affected compared to 38.1% in the Dagomba Line (p < 0.001). Flood
ing presents no significant difference (p < 0.326), but Old Fadama experiences higher heat 
stress (81.3%) compared to Dagomba Line (11%; p < 0.087, not significant). Waste man
agement problems are slightly more common in the Dagomba Line (35.6%) than in 
Old Fadama (43.9%), though this difference is not statistically significant (p < 0.176). 
Erosion is a major concern in Old Fadama (82.3%) compared to the Dagomba Line 
(12.7%) (p < 0.001). One respondent from Old Fadama noted: “When it’s sunny, you 
don’t get anywhere to sit. We need trees that provide shade, like mango, which can 
also give us fruit”. Additionally, respondents noted, “the sawdust used to fill lands 
worsens soil conditions”. Additionally, waste is transported to distant sites like Malam 
and Ashaiman, with complaints that “waste isn’t well-managed, causing environmental 
problems”. Dagomba line respondents also face challenges with heat stress, erosion 
and poor drainage.

In Nima (Accra) and Ayigya Zongo (Kumasi), significant differences were found in 
environmental challenges such as water scarcity and flooding. Ayigya Zongo, for 
example, experiences severe water scarcity, while Nima is more prone to flooding. 
These results add to previous studies that emphasise NBS are a general solution, 
context-specific and case-sensitive (Andersson et al. 2021; Sarabi et al. 2022). These 
findings highlight the interplay between expected or desired ecosystem benefits and 
their influence on metabolic flows. This could be an opportunity to enhance the social- 
ecological systems of the IS. For instance, in Nima, rainwater harvesting and flood reten
tion measures are already common practices, and further enhancement of these will 
address water needs (Birtchnell, Gill, and Sultana 2019; Bunch 2016). The findings 
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contribute to the literature on specific NBS initiatives for context-specific social and eco
logical challenges (Babí Almenar et al. 2021).

It is important to note that the survey results on water scarcity and other socio-eco
logical challenges reflect residents’ lived experiences and perceptions, rather than 
official supply statistics. This distinction is crucial in the context of IS in Ghana, where 
no disaggregated or reliable data exist from the Ghana Water Company Limited or 
other municipal agencies regarding service provision in unregulated areas. As a 
result, perception-based data provide the most direct insight into local realities of 
access, reliability, and quality of services. Consistent with previous studies in Accra 
and Kumasi (e.g. Adusei et al. 2018; Cobbinah et al. 2020), residents’ reports of scarcity 
often align closely with field observations such as long water-fetching distances, irregu
lar tanker supply, and dry standpipes, demonstrating a high level of construct validity. 
The use of a mixed-methods design, combining quantitative surveys with qualitative 
focus group discussions and direct field observation, further enhanced data reliability 
and triangulation. The convergence between statistical patterns (e.g. 79% of Nima resi
dents reporting scarcity) and qualitative narratives provides confidence that these per
ceptions are not isolated but reflect the broader empirical reality of infrastructural 
exclusion in the study areas.

3.2. Situational analysis of physical infrastructure and its potential for NBS 
interventions in selected IS

Physical infrastructure plays a critical role in shaping UM in IS, in a complex way where 
basic provisioning infrastructures are inspired by environmental and social systems but 
are often poorly integrated and vulnerable to weather extremes. From a UM theoretical 
standpoint, cities function as living systems that consume, transform, and excrete 
energy and material flows (Kennedy, Cuddihy, and Engel-Yan 2007; Pincetl, Bunje, and 
Holmes 2012; Wolman 1965). Within IS, this metabolic process is constrained by infrastruc
tural deficits that interrupt essential material and ecological cycles. Well-designed NBS 
interventions, such as green roofs, urban gardens, and constructed wetlands, not only 
improve the functionality of physical infrastructure but also sustain ecological systems, 
such as reduced heat stress, improved biodiversity, and improved water management 
(Kabisch et al. 2017). Moreover, integrating NBS into existing physical infrastructure, 
such as improving stormwater drainage systems with vegetated bioswales, could signifi
cantly reduce vulnerabilities to environmental hazards like floods and heatwaves (Kamer 
et al. 2023). Table 3 shows the state of physical infrastructure and the potential for NBS 
interventions, which are key to improving UM in the IS. The chi-square test results indicate 
that key variables such as sanitation, drainage, and potable water show differences across 
the IS in Accra and Kumasi. For example, Nima has better sanitation, with only (5.5%) of 
households reporting a lack of adequate sanitation compared to 34.7% in Ayigya Zongo 
(p < 0.001). However, potable water access is similar between Nima (15.9%) and Ayigya 
Zongo (18.75%), with (p < 0.516), and both areas have a high prevalence of gardening. 
James Town shows better waste disposal with 14% compared to 13.6% in Dakwadwom 
(p < 0.931). However, Dakwadwom has significantly better drainage channel access (Dak
wadwom 46.4%, James Town 17.5%, p < 0.001). Old Fadama has better sanitation (67.6%) 
compared to the Dagomba Line (51.7%, p < 0.009). Potable water access is much lower in 
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Old Fadama (54%) compared to the Dagomba line (78%, p < 0.001). Drainage and waste 
disposal systems were better in Old Fadama.

Interpreted through the UM and CICES frameworks, these results extends the under
standing of NBS beyond their immediate environmental benefits to their role as metabolic 
infrastructure. They also align with the SENIEU–EHWE framework (Nalumu, Perrotti, and 
Rosa 2025), which links improved infrastructure to strengthened through ecosystem 
health and human well-being. The findings suggest that IS are not passive consumers 
in the urban system but active metabolic agents whose practices correspond to both bio
physical flows (Kennedy, Pincetl, and Bunje 2011) and ecosystem functions (Potschin- 
Young et al. 2018). This dual framing provides the theoretical relevance of integrating 
UM theory and ecosystem benefits classification (Nalumu, Perrotti, and Rosa 2025) in 
assessing sustainability in informal urban contexts.

James Town and Dakwadwom show distinct environmental profiles as well, with James 
Town having a higher occurrence of heat stress and waste management issues while Dak
wadwom has better drainage channels and less severe erosion. The potential for NBS 
interventions could focus on enhancing green infrastructure, such as flood retention 
measures as indicated by Hamel and Tan (2022) and soil protection in James Town, to 
manage heat stress and improve waste treatment. For Dakwadwom, tree planting and 
rainwater harvesting could enhance ecosystem benefits such as air quality regulation 
and water management. Generally, the household head strongly agrees that land 
should be reserved for gardening, which opens opportunities for urban agriculture or 
green roof initiatives, contributing to both social cohesion and ecological balance. This 
is in line with the study of those who reported a need to understand actors who 
demand more land for urban gardening to regulate land-use activities.

3.3. The existing NBS initiatives in IS

NBS has multiple functions, and these are utilised by IS in addressing their local environ
mental problems (Kharisma and Kaswanto 2021). While this is also critical in terms of UM, 
it is important to encourage its implementation. Moreover, existing and preferred coping 
strategies for context-specific challenges are critical for UM studies (Kovacic and Giampie
tro 2017). NBS initiatives in the IS, such as rainwater harvesting, community gardens, and 
flood retention, not only address immediate social-ecological challenges but also contrib
ute to the systemic flows of resources, energy, and waste (Cárdenas-Mamani and Perrotti 
2022). In this study, the results show that the three most frequent practices across all 
settlements are rainwater harvesting, flood retention, and soil protection/composting. 
These practices relate to those of Diep, Mulligan et al. (2020) and Roy et al. (2018). 
People implement NBS for direct ecosystem benefits at the household level within the 
IS, which could be an opportunity for practitioners to improve the UM within the IS. 
From the multiple response question analysis, it was revealed that Nima had more 
flood retention measures Nima (33) than Ayigya Zongo (15) and greater use of compost
ing Nima (35) than Ayigya Zongo (12). However, Ayigya Zongo showed higher implemen
tation of tree planting (20) than Nima (17). In James Town, it was found that respondents 
engage less in rainwater harvesting (89) as compared to Dakwadwom (91), but have 
stronger flood retention (33) than Dakwadwom (16). Comparison between Old Fadama 
and Dagomba Line revealed that Old Fadama had more flood retention (33) than 
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Dagomba Line (13) and composting (32) than Dagomba Line (7), whereas Dagomba Line 
and Old Fadama showed similar tree planting practices. Figure 2 shows examples of NBSs 
implemented within the IS.

Nima respondents pointed out the absence of green infrastructure in the area, stres
sing the importance of community engagement in maintaining any new environmental 
initiatives. The respondent mentioned that: “When the government plants trees, no 
one takes care of them”. This finding is similar to that of Diep, Parikh et al. (2022) rec
ommended the need for a participatory bottom-up approach in implementing NBS 
projects to enhance UM in Kenya and Tanzania IS. In our current study in Ayigya 
Zongo, there was a more organised approach, with residents ready to embrace 
green projects if led by trusted local leaders. “If the king supports it, people will 
follow his example”, suggested a respondent at Ayigya Zongo. In James Town, respon
dents mentioned the loss of trees was due to urban expansion, with someone indicat
ing that “Every household used to have a tree, but now they are cutting them down 
for buildings”. In Dakwadwom, however, better drainage management has supported 
tree planting efforts, with more openness to adopting green infrastructure solutions 
in areas like Dakwadwom, where infrastructure supports the integration of NBS 
(Figure 3).

It is critical that, for NBS to be implemented and have the advantage of contributing to 
UM, land is key (Teferi and Newman 2017). Land in this context connotes the available 
space designated for the implementation of NBS initiatives to facilitate metabolic flows. 
In this study, it was important to assess the public readiness to promote NBS (Wolff, 
Rauf, and Hamel 2023). An assessment was conducted to test household head agreement 

Figure 2. Examples of NBSs implemented within the IS. (A) Potted garden featuring plants for med
icinal use and tea spices. (B) The avocado tree provides shade and the bark, leaves and roots provide 
herbal medicine. Blue containers capture rainwater from the rooftop. All have implications for improv
ing the flow of energy, materials, and resources.

LOCAL ENVIRONMENT 17



or disagreement on whether land should be reserved for gardening in selected IS. Figure 4
shows the public opinion results on whether land should be reserved for gardening (orna
mental/edible) in the house or neighbourhood. It was revealed that Nima and Ayigya 
showed strong support, for example, Nima (46.89%) agreed, and (25.51%) strongly 
agreed whereas Ayigya Zongo(52.08%) agreed, and (22.91%) strongly agreed. A partici
pant Nima suggested: “If you give them edible trees, they will see the benefit and 
won’t cut them down”. One participant from Ayigya stated: “If the chief stands on one 
platform to say it, the people will accept it”. These findings indicate the need for colla
borative and citizen-driven NBS proposals, plans and projects (Kiss et al. 2022), and this 
could enhance the UM at the household level. In James Town, 50% agreed, and 
28.07% strongly agreed, whereas in Dakwadwom, (30.90%) agreed, and (50%) strongly 
agreed. Old Fadama had (35.25%) agree and (35.25%) strongly agree, while Dagomba 
Line had (38.13%) agree and (34.74%) strongly agree. In Old Fadama, a respondent 
expressed interest in shade-providing trees, but noted the challenge of limited space 
for planting. A participant said: “We don’t have enough space unless by the roads for 
trees”. This finding relates to that of Tozer et al. (2020), who pin insecure and equitable 
access to land limits NBS co-creation and co-protection of diverse uses. This could be a 
possible threat to strengthening NBS implementation to improve metabolism. In contrast, 
Dagomba Line respondents were more concerned about erosion and emphasised that 
tree planting in communal spaces could help mitigate environmental challenges. 
Another household head narrated that “Trees like mango would give us both shade 
and food, encouraging community care”. Diep, Parikh et al. (2022) and Adegun (2018) 
reported a lack of attention to society-ecological relationships, to hinder people from 

Figure 3. The existing NBSs in the IS.
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agreeing to the promotion of NBS. Therefore, actors should seek to minimise the negative 
experiences while simultaneously improving the NBS initiative to boost the UM in IS.

3.4. The contribution of NBS classifications to UM in Kumasi and Accra IS

The analysis of NBS contributions to UM in this study draws directly on the UM framework 
proposed by Kennedy, Cuddihy, and Engel-Yan (2007), Kennedy, Pincetl, and Bunje (2011) 
and expanded by Currie and Musango (2017), which conceptualises cities as living 
systems where material and energy flows are mediated through socio-technical and eco
logical processes. Within this framework, the NBS identified in IS are interpreted as meta
bolic regulators that facilitate the exchange and circulation of water, energy, and organic 
matter at the household and community levels. The application of this theory enables the 
identification of informal metabolic pathways, such as composting, water harvesting, and 
greening, that contribute to closing resource loops within the settlements.

The contribution of NBS to UM is classified into Provisioning (P), Regulation/Supports 
(RS) and social-cultural (SC) benefits, which are considered for understanding NBS’s con
tribution to UM. These categories are rooted in NBS and UM literature (Cárdenas-Mamani 
and Perrotti 2022), and the data framework for organsing NBS contribution to UM in the IS 
of the Global South (Nalumu, Perrotti, and Rosa 2025). In this study, significant differences 
in the ecosystem benefits provided to these settlements are categorised into regulation/ 
support, provision, and cultural/spiritual aspects. These benefits show how NBS can 
support UM, thus reducing resource consumption and improving sustainability in IS 
(Nalumu and Perrotti 2024). In this study, it was found that Nima demonstrates higher 
provisioning benefits, such as food production (50%) and water resources (59%). In com
parison, Ayigya Zongo contributes more significantly to erosion regulation (49%) and 
temperature control (49%). However, Nima exhibits higher air quality regulation (48%) 
than Ayigya Zongo (47%). Ayigya Zongo also has more contributions in water provision
ing (76%) than Nima (59%), indicating a focus on regulating support services in Ayigya 
Zongo, while Nima has more provisioning services. These results imply that ecosystem 
benefits reduce the communities’ reliance on external resources, such as water and 
energy, and decrease their ecological footprint (Ghaffarian-Hoseini et al. 2016). The rain
water harvesting and urban agriculture practices in Nima could reduce water demand, 
while expanding tree planting in Ayigya Zongo would improve air quality and thermal 
comfort, leading to more self-sustaining communities as indicated in previous studies 
(Satterthwaite et al. 2020). These findings indicate a need to support improved rainwater 
harvesting techniques (Campisano et al. 2017) to overcome water challenges.

James Town exhibits higher ecosystem benefits across multiple categories, particularly 
in erosion regulation (54%) and waste treatment (43%), alongside cultural values like aes
thetics and inspiration (91%) and spiritual/religious contributions (85). Dakwadwom has a 
contribution, with notable strengths in temperature control (55%) and water regulation 
(87%). James Town’s ecosystem offers significant UM contributions, particularly in cultural 
benefits and regulation support. Dakwadwom’s strengths in temperature control and 
water regulation suggest that it could serve as a model for other areas in using NBS to 
enhance UM. The benefits of tree planting for thermos comfort are reported by previous 
studies (de Abreu-Harbich, Labaki, and Matzarakis 2015; Wang and Akbari 2016). By 
improving water flow through rainwater harvesting, Dakwadwom can maintain a more 
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stable and efficient use of natural resources. Moreover, these communities could achieve 
a closed-loop system (Van Broekhoven and Vernay 2018), where waste is reduced, water is 
recycled, and energy use is minimised. For example, waste composting initiatives in James 
Town could transform organic waste into valuable resources for urban gardening, closing 
the nutrient loop and enhancing food production locally, which is in line with previous 
studies (Nassar and Elsayed 2018).

Old Fadama shows higher contributions across both regulation and provisioning cat
egories, particularly in air quality (63%) and flood regulation (35%). It also performs better 
in cultural services such as outdoor recreation (49%) and livelihood support (81%). 
Dagomba Line, though lower in many areas, excels in freshwater provision (48%) and 
psychological comfort (37%). Old Fadama’s ecosystems have more contribution to UM, 
especially in provisioning and cultural benefits. Old Fadama and Dagomba Line show 
high levels of contribution to both regulatory and cultural benefits, especially in areas 
like air quality regulation, flood control, and outdoor recreation. The metabolism 
approach can help assess the effectiveness of these NBS interventions in reducing the 
flow of pollutants and improving the quality of life in the IS. For instance, green roofs 
and permeable pavements could help regulate urban heat and reduce stormwater 
runoff, while community gardening and composting could lessen waste and provide 
food security (Acevedo-De-los-Ríos and Perrotti 2024). Figure 5 shows urban ecosystem 
benefits within the context of UM based on the selected IS.

4. Conclusions, limitations and recommendations

4.1. Conclusions

This study examined how NBS contribute to the UM of IS in Accra and Kumasi through 
ecosystem benefits. Empirically, the study demonstrated that household and commu
nity-level NBS, initiatives such as rainwater harvesting, flood retention, composting, 
and tree planting, aid in addressing local socio-ecological challenges and improve 
the flow of water, waste, and energy resources within the IS. The study offers theor
etical implications for understanding the NBS–UM nexus in contexts of informality. The 
results has shown that strengthening the linkage between NBS and UM is essential for 
enhancing the sustainability of IS, as it promotes resource flows at the household and 
community level, through ecosystem benefits (regulation, provisioning and social-cul
tural), all of which contribute to ecological resilience, and inclusive socio-environ
mental transformation within rapidly urbanising contexts. NBS within IS is not only 
a matter of environmental improvement but also of re-conceptualising UM as a 
socially inclusive process. Recognising IS as active metabolic agents advances theoreti
cal debates on how cities sustain material and energy flows under uneven 
urbanisation.

The analysis has demonstrated that NBS act as an entry point for closing metabolic 
loops in resource-constrained environments. This empirical insight strengthens theoreti
cal claims (Cárdenas-Mamani and Perrotti 2022; Currie and Musango 2017) about the co- 
dependence of ecological and social metabolism and extends them to contexts where 
formality and informality coexist. The study highlights that the spatial and institutional 
constraints of informality shape the ways NBS can operate metabolically. Limited land 
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tenure, irregular governance, and infrastructural fragmentation redefine how NBS circu
late resources and knowledge.

4.2. Limitations of the study and implications for future research

This study’s main limitation lies in its cross-sectional design, which captures socio-ecologi
cal interactions at a single point in time and therefore cannot account for how NBS and 
UM evolve under changing social, ecological, and infrastructural conditions. Future 
research will address this limitation in two ways. First, it will adopt a longitudinal and 
multi-scalar approach to monitor temporal changes in NBS-driven resource flows and 
community resilience, providing stronger evidence of causal relationships. Second, it 
will integrate UM modelling and material flow analysis (MFA) to quantitatively simulate 
how different NBS scenarios influence water, energy, and waste cycles in IS. These 
studies will enhance the analytical precision and policy relevance of NBS–UM assessments 
in rapidly urbanising contexts.

4.3. Recommendations

Based on the results, efforts to strengthen the linkages between NBS and UM in IS should 
focus on addressing key and actionable challenges. 

(1) First, households, with support from local NGOs and Environmental Health and Man
agement Department, should promote small-scale recycling initiatives such as rain
water harvesting, composting, and community gardening. Providing affordable 
equipment and neighbourhood training can enhance local resource loops while redu
cing dependence on centralised systems.

(2) Second, community associations and youth groups can take a lead role by developing 
collective green space maintenance schedules and adopting community-led steward
ship models that assign rotating responsibilities. Linking participation to local incen
tives, such as reduced waste levies, can further strengthen social cohesion and 
environmental ownership.

(3) Third, weak integration of NBS in policy and planning limits systemic inclusion. The 
Municipal Assembly, Physical Planning Department and, Parks and Gardens Department, 
Environmental Health and Management Department should incorporate NBS com
ponents into urban infrastructure and IS upgrading plans. Allocating land for small- 
scale NBS projects, such as vegetated drains or community gardens, within local devel
opment schemes can enhance adaptive capacity and improve resource flows.

(4) Fouth, insufficient technical and governance capacity has constrained the sustained 
implementation of co-designed NBS initiatives aimed at enhancing ecosystem 
benefits within IS and improving UM. Therefore, it is important for academic insti
tutions, NGOs, municipal assemblies, and the Parks and Gardens Department to 
train community members in technical and managerial skills. Establishing participa
tory platforms for planning and monitoring will enhance shared governance and 
foster innovation in NBS management.

(5) Finally, limited coordination among stakeholders weakens the scaling up of successful 
NBS and socio-ecological practices that can improve UM of IS. Local authorities, NGOs, 
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and research institutions should strengthen collaboration through partnership frame
works and data-sharing mechanisms that align community-led NBS initiatives with 
broader municipal sustainability objectives. Such coordination can attract external 
funding and enhance the overall resilience of IS towards achieving inclusive and sus
tainable cities.
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