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A B S T R A C T   

Scaling up national climate adaptation under the Paris Agreement is critical not only to reduce risk, but also to 
contribute to a nation’s development. Traditional adaptation assessments are aimed at evaluating adaptation to 
cost-effectively reduce risk and do not capture the far-reaching benefits of adaptation in the context of devel
opment and the global Sustainable Development Goals (SDGs). By grounding adaptation planning in an SDG 
vision, we propose and demonstrate a methodological process that for the first time allows national decision- 
makers to: i) quantify the adaptation that is needed to safeguard SDG target progress, and ii) evaluate strate
gies of stakeholder-driven adaptation options to meet those needs whilst delivering additional SDG target co- 
benefits. This methodological process is spatially applied to a national adaptation assessment in Ghana. In the 
face of the country’s risk from floods and landslides, this analysis identifies which energy and transport assets to 
prioritise in order to make the greatest contribution to safeguarding development progress. Three strategies 
(‘built’, ‘nature-based’, ‘combined SDG strategy’) were formulated through a multi-stakeholder partnership 
involving government, the private sector, and academia as a means to protect Ghana’s prioritised assets against 
climate risk. Evaluating these adaptation strategies in terms of their ability to deliver on SDG targets, we find that 
the combined SDG strategy maximises SDG co-benefits across 116 targets. The proposed methodological process 
for integrating SDG targets in adaptation assessments is transferable to other climate-vulnerable nations, and can 
provide decision-makers with spatially-explicit evidence for implementing sustainable adaptation in alignment 
with the global agendas.   

1. Introduction 

The impacts of climate change already severely threaten societal 
development, affecting the most vulnerable countries and populations 
(Gomez-Echeverri, 2018; Liu et al., 2015; Masson-Delmotte et al., 2018). 
As a global response, 197 governments have committed to a global 
adaptation goal and to engage in national adaptation planning under the 
Paris Agreement on Climate Change (Magnan and Ribera, 2016; Morgan 
et al., 2019). To help decision-makers inform national adaptation 
planning, evidence on whether and where to adapt is required. Such 
evidence is often derived by evaluating the benefits of adaptation to 
cost-effectively reduce climate risk (Jafino et al., 2021). Yet, thinking 
about adaptation purely in terms of risk reduction can underestimate the 
wider significance of adaptation for achieving a nation’s development 
objectives and the 169 targets of the global Sustainable Development 

Goals (SDGs) (Schipper et al., 2016; Reichstein et al., 2021). Despite 
numerous calls to integrate adaptation and sustainable development 
(Fuso Nerini et al., 2019; Fuldauer et al., 2022; Zhenmin and Espinosa, 
2019), national adaptation plans under the Paris Agreement are seldom 
articulated in terms of their contribution to the SDGs. To maximise 
synergies between the achievement of the Paris Agreement and the 
SDGs, it is therefore critical to evaluate national adaptation with respect 
to both reducing climate risk and contributing to the SDGs. 

In this paper, we focus on biophysical adaptation assessments, 
acknowledging the importance of social, financial, institutional and 
private sector engagement adaptation. Biophysical adaptation assess
ments are typically structured around two main phases: I) adaptation 
needs, which refer to the physical assets or locations requiring actions in 
response to climate risks; and II) adaptation options, which are 
comprised of the array of physical measures to address these needs 
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(Noble et al., 2015). The high spatial granularity of such two-phase as
sessments is useful to help decision-makers identify combinations of 
assets and adaptation options that cost-effectively and robustly reduce 
climate risk (Ward et al., 2017; Koks et al., 2019; Thacker et al., 2017b; 
Kheradmand et al., 2018). Yet, in its current form, the range of sus
tainability benefits of adaptation, such as protecting development 
progress towards energy access or contributing to biodiversity (Jafino 
et al., 2021), are not adequately represented in either of these two 
phases. 

To maximise synergies between adaptation and the SDGs in Phase I 
adaptation needs assessments, methods have been developed that adopt 
a climate-first approach to estimate the range of sustainability di
mensions - measured in terms of the number of SDG targets - that can be 
safeguarded by adapting assets against climate risk (Fuldauer et al., 
2021). Whilst such methods provide a broad understanding of the sus
tainability benefits of adaptation, they do not ground adaptation as
sessments in a quantified SDG vision. Yet, establishing a vision for SDG 
achievement at the outset of adaptation needs assessments and thereby 
adopting a development-first approach is critical to identify assets with 
the largest potential to safeguard sustainable development. 

To account for a broader range of sustainability dimensions in Phase 
II adaptation option evaluations, feasibility methods have been pro
posed to evaluate adaptation options across social, environmental, and 
economic dimensions (Singh et al., 2020; Williams et al., 2021). Yet, 
methods that evaluate adaptation options across numerous sustain
ability dimensions remain the exception rather than the norm, and have 
been particularly called for in the field of nature-based adaptation op
tions (Seddon et al., 2021; Chausson et al., 2020). Nature-based adap
tation options, which include ”actions to protect, sustainably manage 
and restore natural or modified ecosystems” (Cohen-Shacham et al., 
2016) have recently gained traction in relation to their ability to provide 
wider sustainability benefits as compared to built adaptation options 
such as seawalls or asset fortifications (Malhi et al., 2020; Seddon et al., 
2020). To date, the economic costs and benefits of nature-based options 
alongside built ones have been evaluated (Menéndez et al., 2020; Beck 
et al., 2018), but methods that account for the contribution of adapta
tion options to the SDGs are still in their infancy (Gómez Martín et al., 

2020; Fuso Nerini et al., 2019) and to our knowledge no method exists 
that allows evaluating built versus nature-based adaptation options 
across the broad range of the 169 SDG targets. 

Whilst SDGs are not typically considered in national adaptation 
needs and options assessments, they are widely being recognised as a 
framework to identify and evaluate sustainable development needs and 
options (OECD, 2019; Prakash et al., 2017). Increasingly, researchers 
have used the specificity of the SDG targets to envision a desired sus
tainability future and quantify the contribution of various investment 
options to meet desired sustainability target across a range of futures, 
within and across different sectors of the economy (Adshead et al., 2019; 
Allen et al., 2019; Allen et al., 2021; Fuldauer et al., 2019). Advance
ments in SDG quantification enable assessing countries’ baselines to
wards SDG achievement (Schmidt-Traub et al., 2017). More recently, 
such advancements have also been translated spatially at the sub- 
national level to better inform decision-making (Xu et al., 2020). Yet, 
to date, these advancements in national SDG quantification have not 
been integrated with adaptation needs assessments to reduce climate 
risk on assets, nor have the 169 SDG targets been used as a basis to 
evaluate adaptation options. 

The goal of this paper is to fill the abovementioned gaps and develop 
and apply a methodological process that allows national decision- 
makers to evaluate the total SDG benefit of adapting specific assets or 
areas against climate risk (see Fig. 1). The total SDG benefit of adapta
tion is here defined as: I) the quantified benefit of safeguarding a na
tion’s SDG progress by protecting assets against risks from acute climate- 
change hazards (such as floods or storm surges) and chronic climate- 
change hazards (such as a drying trend or sea-level rise) and II) the 
range of SDG target co-benefits of adaptation options to protect these 
assets. National-scale application of the methodological process enables 
decision-makers to answer the following two questions: I) where are 
needs highest for adaptation to safeguard progress on SDGs? (i.e. where 
and which assets and regions should be prioritised for adaptation to 
safeguard the largest existing SDG target progress)? and II) how can 
adaptation options be evaluated in terms of SDG co-benefits? (i.e. which 
adaptation options should be prioritised to deliver the largest SDG co- 
benefits)? 

Fig. 1. Identifying the total Sustainable Development Goal (SDG) benefit of adaptation, which includes: I) the quantified benefit of safeguarding SDG progress 
against risks from acute and chronic climate-change hazards (red and blue arrows and lines, respectively), in other words, the avoided SDG ’damage’ of adaptation, 
and II) the SDG target co-benefits of different adaptation options. Lines are not to any scale, acknowledging that even after adaptation, some residual risk remains. 
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Our proposed methodological process incorporates two main novel 
contributions. The first is a set of SDG-risk indicators, spatially trans
lated to the asset-scale, which quantify where a nation’s current bio
physical adaptation needs are largest to safeguard a nation’s SDG 
progress. The second is the creation of strategies of adaptation options 
designed to meet these adaptation needs, which are then evaluated for 
their ability to deliver SDG target co-benefits. The first main contribu
tion of this paper - the quantified SDG-risk indicators - focuses on 
evaluating adaptation in the context of the SDG targets at one point in 
time, which can be expanded upon to enable dynamic adaptation as
sessments in the context of the SDGs. The second main contribution of 
this paper provides a starting point to qualitatively identify the full 
range of potential SDG target co-benefits of various adaptation strate
gies, which can be used by decision-makers as both a means to maximise 
potential SDG synergies and as a metric that complements other per
formance indicators, such as effectiveness or cost, in evaluating adap
tation options. Whilst adaptation is often considered a local effort 
(Tompkins and Eakin, 2012; Hall and Persson, 2017), our proposed 
national-scale methodological process provides national decision- 
makers, who are tasked with allocating resources across regions, with 
a systematic process to maximise synergies and minimise trade-offs 
across climate and sustainable development goals, thereby ensuring 
that national adaptation is contributing, rather than detracting from, 
sustainable development. 

We apply our proposed methodological process with real-world 
spatial data from Ghana’s energy and transport sector, which provides 
one important step in helping to prioritise adaptation across different 
assets and regions in the context of the SDG targets, recognising that 
there are also human assets, non-spatial adaptation options (including 
community and institutional capacity building) and important power 
dynamics involved in sustainable adaptation, which are outside the 
scope of this paper. 

The rest of the paper is organised as follows: Section 2 outlines the 
different steps of the proposed methodological process in the context of 
acute climate-change hazards. Section 3 presents the data and materials 
used in its application to a national adaptation assessment for Ghana’s 
energy and transport sector. Section 4 discusses the results of this 
application, which is followed by a discussion of the managerial and 
theoretical contributions as well as avenues for future research. Section 

5 provides concluding remarks. 

2. Proposed methodology 

Our proposed methodological process for integrating SDG targets 
into national adaptation assessments involves four steps (Fig. 2): (1) set 
a national SDG vision and identify a nation’s current performance in 
relation to SDG targets representing this vision, (2) perform a climate 
risk analysis to quantify SDG target progress at-risk, thereby prioritising 
where adaptation can provide the largest contribution to safeguard SDG 
target progress, (3) identify and group adaptation options into distinc
tive strategies, and (4) evaluate the SDG target co-benefits of each 
adaptation strategy, thereby prioritising strategies to maximise SDG 
target co-benefits. The following paragraphs summarise these four steps, 
with the two novel methods developed in this paper (shown in green in 
Fig. 2) described in more detail. 

2.1. Phase (I) Adaptation needs 

2.1.1. Step (1) SDG vision and current performance 
Conceptually, each of the 169 SDG targets can be linked to a nation’s 

sector via the notion of SDG influences (Thacker et al., 2019; Fuldauer 
et al., 2022); we focus the first step of this analysis on direct SDG in
fluences. A direct SDG influence is defined where an SDG target is 
explicitly described in terms of the sustainability of a sector’s service 
provision. Thereby, a nation’s SDG target progress can be described 
specifically in terms of indicators estimating how sustainable (how 
much, how environmentally sustainable, to whom) a sector’s service is 
provided in relation to desired national performance values (Adshead 
et al., 2019). 

According to an existing performance indicator framework (Adshead 
et al., 2019), progress on an SDG target described in terms of a single 
sector and a single sustainability indicator can be measured by a single 
performance indicator. For example, progress on SDG target 7.2 “in
crease the share of renewable energy ⋯” may be estimated by a single 
performance indicator on the current baseline share of renewables in a 
nation’s energy mix in relation to a desired share, thereby measuring the 
environmental dimension with respect to the energy sector. Conversely, 
SDG target 11.2 “By 2030, provide access to safe, affordable, accessible 

Fig. 2. Integrating SDG targets in national adaptation assessments.  
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and sustainable transport systems for all …” incorporates all three sus
tainability dimensions of the transport sector; quantifying target prog
ress therefore requires a minimum of three indicators within the 
transport sector, covering the service provision (how much), the envi
ronmental (how environmentally sustainable), and the accessibility (to 
whom) dimension (Adshead et al., 2019). 

Here, we expand the above-described existing performance indicator 
framework by proposing a means to spatially translate baseline perfor
mance at the asset scale. Given this asset scale, our framework expansion 
focuses only on those performance indicators that can be spatially dis
aggregated to the asset scale, acknowledging that there are also 
important non-spatial indicators to measure SDG target achievement. 
Following Hall et al. (2016), we conceptualise each sector as a collection 
of physical built or natural assets, where each asset provides a certain 
quantity and quality of service. Assigning socio-economic data to each 
asset (e.g. the amount of renewable energy generated by each asset), we 
are able to ascertain its contribution to national current baseline per
formance, denoted by as. For assets that serve a specific population, we 
propose deriving their contribution to national baseline performance by 
assigning spatially distributed populations to assets (see Thacker et al., 
2017a; Thacker et al., 2017c for details of such techniques). The sum of 
the contribution of each asset to national baseline performance for a 
given indicator therefore provides a spatial means to estimate the in
dicator score Is for every sector/sustainability dimension s according to 
Eq. 1: 

Is =
Bs

Os
, s = 1,…,N (1)  

where 

Bs =
∑As

n=1
as,n 

The subscript s denotes one of the N combinations of sector/sus
tainability dimensions, Bs is the current national baseline performance 
for this sector/sustainability dimension s, Os refers to the desired 
‘optimal’ performance for a given national context, and as,n is the 
contribution of each of the As assets for a given sector/sustainability 
dimension s to the national baseline performance. 

The SDG target score, which represents SDG target progress to date, 
can be measured using a subset of one or more performance indicators 
across sector/sustainability dimensions. Thereby, each performance 
indicator is assigned a weight according to the importance of the indi
cator to SDG target achievement. For each of the M SDG targets, this 
yields the weight vector wt as shown in Eq. 2: 

wt = [wt,s=1,wt,s=2,…,wt,s=N ], t = 1,…,M (2)  

where 

∑N

s=1
wt,s = 1 

wt,s is the weight attributed to the indicator Is for the SDG target t, 
and M is the total number of SDG targets considered. 

Approaches for indicator weighting include, amongst others, equal 
weighting (Adshead et al., 2019; Schmidt-Traub et al., 2017), prioriti
sation based on potential for catastrophic loss or policy gap (Allen et al., 
2019) or a weighting based on the perceived importance of the indicator 
in the national context. Using a weighting considered appropriate in a 
given national context, the SDG target score Zt can subsequently be 
calculated following Eq. 3: 

Zt =
∑N

s=1
wt,sIs, t = 1,…,M (3)  

for each SDG target t, which gives an estimate of SDG target progress to 

date. 
Our above-presented spatial estimation of a nation’s current per

formance towards an SDG target vision allows integration with spatial 
climate risk analysis, which in turn enables us to quantify adaptation 
needs in the context of the SDG targets. 

2.1.2. Step (2) Climate risk 
Climate risk analysis is a useful tool to help decision-makers identify 

and evaluate adaptation needs based on an understanding where and 
how hazard, exposure, and vulnerability intersect (IPCC, 2014; IPCC, 
2019). Different current and future scenarios of climate-change hazards 
are here defined using indicative hazard maps h of a given return period 
and magnitude, including variables such as flow volumes, flood depth, 
and/or duration (see Thacker et al. (2017a) and Pant et al. (2016) for 
detailed descriptions of climate risk analysis). These various scenarios of 
hazard maps are overlaid with sectoral asset data to provide a first-order 
estimate of which assets are potentially exposed to a certain hazard 
scenario, denoted as aes,h. 

Asset vulnerability is integrated in the hazard exposure calculation 
using a sensitivity parameter ra,s,h, which represents the sensitivity of the 
asset and the services it provides to the hazard scenario h with a given 
return period/magnitude, dependent on fragility variables such as the 
depth of inundation an asset can withstand before it ceases to function 
(Cairns et al., 2013). This sensitivity parameter can take a value between 
1 and 0, where 1 refers to the asset and the services it provides ceasing to 
function under hazard h; and 0 refers to the asset and the services it 
provides fully functioning under hazard h. Therefore, it is possible that 
an asset is located in a hazard-exposed area without compromising SDG 
target progress due to the existing resilience of the asset and the services 
it provides. 

By summing across the contribution of all exposed assets for a certain 
sector/sustainability dimensions, we derive national baseline perfor
mance exposed, denoted by BEs,h. The resulting national performance 
indicator exposure score for a given sector/sustainability dimension is 
denoted by Eq. 4: 

IEs,h =
BEs,h

Os
(4)  

where 

BEs,h =
∑Nae,s,h

n=1
aes,h,n  

and 

aes,h,n = as *ra,s,h 

The resulting performance indicator exposure score provides an 
initial, static assessment of the performance indicator score exposed to a 
certain hazard scenario, based on a nation’s current assets. An assess
ment of various different future hazard scenarios and future asset de
velopments can help identify how future hazard intensity and future 
asset development interact to affect future exposure of the indicator 
score. 

Depending on country priorities, the individual performance indi
cator exposure scores can be compared among one another or aggre
gated under their respective SDG targets to estimate SDG target 
exposure score ZEt,h for each SDG target t and each hazard scenario h, 
using the weighting described under step 2.1.1 (Eq. 5): 

ZEt,h =
∑N

s=1
wt,sIEs,h t = 1,…,M (5) 

To provide a more holistic picture of climate risk, social vulnerability 
should be considered alongside hazard exposure and asset sensitivity 
(Koks et al., 2015). Social vulnerability can, amongst other factors, be 
conceptualised using proxy indicators such as adaptive capacity, which 
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is a combination of a community’s socio-economic background, its 
ability to cope with hazards, accessibility to essential services, and a 
community’s broader institutional and governance factors (see Cutter 
et al., 2003; Cutter et al., 2013; Denton et al., 2015; Lemos et al., 2013). 
Given the focus on communities in such definitions, proxy indicators for 
social vulnerability are typically summarised at the level of a nation’s 
administrative regions or districts. Therefore, each asset is multiplied 
with a social vulnerability value based on the social vulnerability proxy 
of the administrative region/district that asset serves, which allows 
identifying administrative regions/districts and associated assets that 
provide the largest contribution to the indicator at-risk score IRs,h and 
SDG target at-risk score ZRt,h (see Supplementary Appendix A.1 for 
equations). 

In summary, by integrating SDG- and climate risk analysis spatially 
via SDG-risk indicators, we are able to assess adaptation needs in terms 
of SDG targets. This adaptation needs assessment allows us to identify 
where and which administrative regions, districts, or assets play the 
largest role in safeguarding national SDG progress against climate risk. 
The prioritised assets from this Phase I assessments can be verified and 
discussed during stakeholder engagement processes, and placed in the 
context of other adaptation assessments. 

2.2. Phase (II) Adaptation options 

2.2.1. Step (3) Options 
No single adaptation option exist to meet a nation’s adaptation 

needs. A national adaptation plan is therefore typically composed of a 
set of adaptation options to protect prioritised assets against climate 
risk. Acknowledging the breadth of potential adaptation options avail
able to decision-makers (Noble et al., 2015; Biagini et al., 2014), here we 
consider the two main physical types of adaptation options to protect 
specific assets against climate risk: i) built adaptation options, which 
include hard-engineered options such as seawalls, and ii) nature-based 
adaptation options, comprised of options that either protect, sustain
ably manage, or restore nature (Cohen-Shacham et al., 2016). 

We propose conducting an initial literature and document review to 
determine potential built and nature-based adaptation options that 
might be implemented to protect Phase I prioritised assets in a given 
country. Multi-stakeholder partnerships that involve representatives 
across the public and private sector, academia and vulnerable pop
ulations can, amongst other benefits, help scope out further potential 
adaptation options and verify the feasibility of different adaptation 
options in relation to a set of prioritised assets (Singh et al., 2020; 
Williams et al., 2021). This initial step results in a list of adaptation 
options that could be feasibly implemented in a given country. 

2.2.2. Step (4) Evaluation 
Not every adaptation options is sustainable (Schipper, 2020; Eriksen 

et al., 2021; Eriksen et al., 2011). Adaptation options can have unin
tended consequences and/or result in maladaptive outcomes (Barnett 
and O’Neill, 2010). With the aim of maximising the SDG target co- 
benefits of built and nature-based adaptation options, we propose a 
method to explore the number of potential direct and indirect influences 
of adaptation options on SDG targets, based on previously published 
service-SDG influences introduced in Section 2.2.1. Whilst we do not 
aim to assess the magnitude of SDG target co-benefits, a systematic 
understanding of the number of all potential SDG influences of adap
tation options before these are implemented can be used by decision- 
makers as a guide to realise these potential influences in practice 
whilst reducing the maladaptive development outcomes of adaptation 
(Eriksen et al., 2021; Barnett and O’Neill, 2010). 

Previous work has identified how sectors of the built environment 
provide manufacturing, infrastructure, and social services that influence 
the SDG targets, whilst the natural environment provides a range of 
provisioning (e.g. food, water), supporting (e.g. habitat provision), 
cultural (e.g. heritage), and - importantly - regulating (e.g. climate 

adaptation) services that can be linked to each of the SDG targets (Ful
dauer et al., 2022). We apply these service-SDG influences in novel ways 
to estimate the number of potential direct and indirect SDG target co- 
benefits of each adaptation option, based on the adaptation, construc
tion, or ecosystem services it entails (see Supplementary Appendix A.2 
for a detailed step-by-step overview of the proposed co-benefits method 
and Supplementary Information Excel Table 1 for the evidence of rele
vant direct and indirect SDG influences). 

The resulting SDG target co-benefits can be ascertained for each 
option individually or for sets of options in combined ‘strategies’. In 
prior studies of national infrastructure planning across sectors, strategies 
have been formulated to explore and evaluate different policy alterna
tives, and have therefore been organised by broader categories with 
different directions of policy (Hall et al., 2016; Otto et al., 2016) or 
different national visions (Adshead et al., 2019; Fuldauer et al., 2019). 
Here, we apply the formulation of strategies to national adaptation as
sessments, differentiating by built or nature-based strategies or alter
native combinations of portfolios of adaptation options. 

The use of simulation models and Multi Criteria Decision Analysis 
(MCDA) as established in previous studies provides a useful means to 
assess various combinations of options to their performance across a set 
of metrics such as cost, carbon, implementation time, etc. (Hickford 
et al., 2015; Singh et al., 2020). Our proposed SDG target co-benefit 
metric – the total number of SDG targets that can potentially be influ
enced directly or indirectly by an adaptation strategy – can complement 
such evaluations. 

3. Application 

3.1. Research design and test case 

We apply our proposed methodological process with its four steps to 
a recent adaptation assessment in Ghana (Adshead et al., 2022). Ghana 
was chosen as a case study for a number of reasons. Firstly, Ghana has 
been considered a nation highly vulnerable to climate change, affected 
by re-occurring floods that threaten livelihoods (Mcsweeney et al., 
2010). With its population expected to almost double by 2050, the 
country also faces sustainable development challenges, including how 
service provision can be ensured for future populations in an equitable 
and environmentally sustainable manner (Abubakari et al., 2018; NDPC, 
2019). Secondly, given Ghana’s relatively large open-access data 
repertoire - especially compared to other Sub-Saharan countries - it was 
possible to collect the relevant data and engage in the national decision- 
making process. Thirdly, as a developing country strongly committed to 
both the SDGs and climate adaptation across sectors (Asante and 
Amuakwa-Mensah, 2015), Ghana, and more specifically Ghana’s Min
istry of Environment, Science, Technology and Innovation (MESTI), was 
particularly interested in implementing adaptation measures that 
contribute to sustainable development. Before implementation decisions 
are made, a thorough evaluation of adaptation measures for progress on 
the global development agendas in line with existing planning docu
ments is required. For example, Ghana is in the process of revising its 
Nationally Determined Contributions under the Paris Agreement, and 
has proposed a number of adaptation options across sectors, which 
however to date are non-spatial and often not prioritised, especially not 
in relation to sustainable development (Antwi-Agyei et al., 2018; Dovie, 
2015; EPA, 2020). 

The application of the proposed methodological contributions to 
Ghana focused on the energy and transport infrastructure sectors, with a 
view that these sectors have received comparatively little attention for 
adaptation, as most Ghana-based studies to date relate to agricultural 
adaptation (Acheampong et al., 2014; Antwi-Agyei et al., 2012; Apuri 
et al., 2018). Yet, the energy and transport sectors are critical for 
adaptation, as they are both highly exposed to climate-change hazards 
and provide essential energy and transport services that underpin 
development for the most vulnerable populations (Antwi-Agyei, 2020). 
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The energy and transport sectors have also been identified amongst the 
seven prioritised sectors in Ghana’s NDCs and underpin the livelihood of 
the majority of Ghanaians. 

A participatory approach to data collection and analysis was adop
ted, which is essential for improving adaptation practice in developing 
countries (Conway and Mustelin, 2014) and which has been successfully 
applied to national infrastructure planning (Fuldauer et al., 2019; Ads
head et al., 2021). Key stakeholders and experts were consulted 
throughout a one-year research period, which were chosen through 
snowballing methods based on initial contact via MESTI, as described in 
Adshead et al. (2022). Stakeholder engagement was conducted with a 
total of 130 individuals across over 20 ministries and institutions, 
including: MESTI; Ministry of Transport; Ministry of Finance; Ministry of 
Spatial Planning, Ministry of Energy, Ministry of Roads and Highways; 
the National Disaster Management Organisation (NADMO); Ghana 
Statistical Services; Ghana Meteorological Agency; National Develop
ment Planning Commission; the University of Ghana; the Kwame 
Nkrumah University of Science and Technology; the Land Use and 
Spatial Planning Authority; the Council for Scientific and Industrial 
Research (CSIR); the Centre for Remote Sensing and Geographic Infor
mation Services (CERSGIS), etc. Of these 20 ministries and institutions, 
11 agreed to be part of a formal ’Technical Working Group’ (TWG). 
Three main virtual events were conducted with the TWG in February 
2021, June 2021 and August 2021 with the purpose of collecting data as 
well as verifying data and results. The specific data collected and 
methods used in the Ghana application of the proposed methodological 
process for Phase I and II are described in the following paragraphs. 

3.2. Phase (I) Adaptation needs 

Chosen based on a literature search and stakeholder input, the 
following key national development documents were reviewed in order 
to identify national performance indicators and desired performance 
values under step (1): the Ghana Infrastructure Plan (2018), the Na
tional Energy Policy (2010), National Water Policy (2007), and National 
Transport Policy (2008) as well as the Ghana SDG plan (2016). A total of 
18 national performance indicators with respective desired performance 
values for Ghana were identified, which were reduced to three perfor
mance indicators for which high-resolution geospatial data was avail
able at the national scale. These three performance indicators focus on 
the service provision and environmental dimension of sustainability, 
and were assigned to a total of 10 SDG targets (see Supplementary Table 
A.2). In line with Ghana’s national development planning documents, 
the target year was set to 2047 as opposed to the global SDG target year 
of 2030. This choice did not influence the results (see Discussion). 

The scope of asset and related socio-economic data utilised in this 
assessment included all currently existing assets for the specified sectors 
in Ghana, as well as assets which are due to be completed by the end of 
2021 (see Supplementary Table A.3). Data confidence with each of these 
data values was encoded into an accompanying adaptation assessment 
database, which also details the methods used to assign baseline per
formance values spatially (see Supplementary Information Excel Table 
2). 

In the estimation of the performance indicator and SDG target score, 
only those SDG targets that can be influenced by the energy and trans
port sector were considered (see Supplementary Table A.3). Thereby, we 
assumed that progress of other performance indicators across sector/ 
sustainability dimensions for which data was not available does not 
skew the prioritisation of assets. Having calculated national perfor
mance indicator and SDG target scores according to the equations as 
described in sub-Section 2.1.1, a composite SDG score C, alongside a 
composite SDG score exposed CEh and a composite SDG score at-risk CRh 
was estimated using an equal weighting across indicators, across the 
targets within each goal, and across all considered goals. Calculations 
were repeated at the level of Ghana’s 16 administrative regions and 216 
districts. 

Applying step (2) of the proposed methodological process to Ghana 
covered two climate-change hazards, namely flooding and landslides, 
which have been identified to become more intense or frequent with 
future climate change (Winsemius et al., 2016; EPA, 2020). Accounting 
for the growing recognition that hazards are often connected (Raymond 
et al., 2020; Zscheischler et al., 2018), a multi-hazard was added that 
combines the spatial footprint across the two considered hazards. To 
represent the spatial extent of these hazards, we used existing flood and 
landslides maps provided by NADMO (2015), which have been used for 
informing national adaptation assessments in Ghana (EPA, 2020). The 
flood maps gave areas identified as having low, medium, and high 
hazard likelihood under a current timeline (2010) based on historic data 
and a future timeline (2050) based on a regional climate projections 
under the A1B scenario. For landslides, the maps cover low, medium, 
and high hazard susceptibility for a current timeline only (2010). For 
consistency purposes and given the analysis presented herein focuses on 
current assets, we present results for the current timeline (2010) and the 
high hazard scenario. 

The hazard maps were superimposed on assets and their associated 
contributions to baseline performance across the different sectors as 
shown in Fig. 3. Due to limited data on asset vulnerability, we assumed 
that without adaptation, hazard exposure exceeds existing asset design 
standards. Therefore, the sensitivity parameter rh,a was assumed to take 
a binary value 0,1. 

The social vulnerability of Ghana’s population was assessed using 
the inverse of the proxy indicator ‘adaptive capacity’, which was 
available at the scale of the 216 districts in Ghana within Ghana’s Forth 
National Communication to the UNFCCC (see EPA, 2020 188). The 
adaptive capacity indicator is a score that refers to the adaptive capacity 
of people within each of Ghana’s districts, quantified using the following 

Fig. 3. Superimposing the spatial footprint of climate-change hazards on 
spatial data across different sectors in order to derive results at the national, 
regional, and asset-scale. 
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seven parameters: i) economic activity, ii) education, iii) sanitation, iv) 
rural water availability, v) health, vi) security and effectiveness, and vii) 
poverty. Thereby it uses the following spatial data layers as described by 
the EPA (2020, p. 188): agricultural employment, district capacity, night 
light distribution, percentage in poverty, poverty depth, severity, Gini 
index. Ghana’s EPA-created social vulnerability index was integrated in 
our calculation of the performance indicator and composite SDG indi
cator score at risk, by assigning it to the respective energy or transport 
assets using the voronoi method or based on location (see Supplemen
tary Table A.3 and Supplementary Information Excel Table 2 for details). 

3.3. Phase (II) Adaptation options 

In order to derive proposed and suggested adaptation options under 
step (3) of the proposed methodological process, an extensive desk- 
based review of key documents on climate change in Ghana was con
ducted, including Ghana’s intended Nationally Determined Contribu
tions (Dovie, 2015), the National Climate Change Policy (2013), NAP 
Framework (2018), the National Climate Change Adaptation Strategy 
(2012), National Climate Change Master Plan (MESTI, 2015), Ghana’s 
Adaptation Strategy (Antwi-Agyei, 2020), and Ghana’s Third and Forth 
National Communications to the UNFCCC (EPA, 2015; EPA, 2020). 
Relevant academic studies and project reports were also reviewed to 
identify potentially applicable adaptation options. Amongst others, 
these included an adaptation database (European Environment Agency, 
2021; University of Oxford, 2020), and several review papers on adap
tation options (Chausson et al., 2020; Malhi et al., 2020; Hanson et al., 
2020; Williams et al., 2021). A participatory workshop with 32 TWG 
stakeholders across 9 different ministries, institutions and academia was 
organised to identify the feasibility of the proposed adaptation options 
as well as to suggest alternative adaptation options. This workshop 
resulted in the identification of a total of 10 economically, technically, 
and politically feasible adaptation options to protect Ghana’s prioritised 
Phase I assets against floods and landslides (Supplementary Table A.4). 
These options were grouped into three strategies: 1) a built strategy, 
focusing solely on built adaptation options for the Phase I prioritised 
assets, 2) a nature-based strategy, focusing solely on applicable nature- 
based adaptation options for the Phase I prioritised assets, and 3) a 
combined SDG-based strategy, which combines built and nature-based 
adaptation options for the Phase I prioritised assets to meet the identi
fied adaptation needs across sectors and across hazards (Table 1). 

Using the set of 12 feasible adaptation options for the considered 
sectors, the SDG co-benefit analysis method under step (4) of the pro
posed methodological process was applied. Land-use data obtained from 
engagement with Ghana’s Land Use and Spatial Planning Authority was 
utilised to link the identified nature-based adaptation options to specific 
natural environment types, which allowed identification of SDG target 
co-benefits from nature-based adaptation options (see Supplementary 
Information Excel Table 3). 

4. Results: application of the methodology 

The next sections summarise the results of applying our proposed 
methodological contributions to the energy and transport sector in 
Ghana. In our presentation of Phase I results, we use three spatial scales: 
national, administrative region, and asset (including districts for the 
transport sector). In our presentation of Phase II results on the evalua
tion of SDG target co-benefits, our aim is to showcase the range of po
tential SDG co-benefits across adaptation strategies. This provides an 
important starting point for decision-makers to be able to maximise 
these potential SDG co-benefits in practice rather than a final score. 

4.1. Phase (I) Adaptation needs 

4.1.1. National-scale results 
At the national-scale, our evaluation across the three considered 

performance indicators shows that Ghana’s indicator score Is and the 
exposed indicator score under the multi-hazard IEs,h is highest for 
‘Electricity access’ (Fig. 4). Currently, 85% of Ghana’s population has 
access to electricity, with a desired optimal performance value set by the 
government of reaching 100% by 2047. Applying Eq. 1, we find that of 
these 85%, 30% are exposed to the multi-hazard, resulting in an indi
cator exposure score of 26%, which refers to the percentage exposure in 
relation to the desired performance. 

In contrast, only 19% of the desired percentage of renewables in 
Ghana’s energy generation mix is currently achieved. However, almost 
90% of this baseline performance to date is exposed to the multi-hazard 
of floods and landslides. Despite the large exposure of existing renew
able energy generation assets, the resulting ’Renewables’ indicator 
exposure score is - with an indicator exposure score of 17% (Fig. 4) - 
relatively small compared to the ’Electricity access’ exposure score. This 
finding can be attributed to the overall lower progress towards renew
ables in Ghana’s energy generation mix to date as compared to progress 
towards electricity access. 

For the road sector, we find that the indicator score for ‘Road length’ 
currently lies at 52%. Approximately 19% of this current score is 
exposed to the multi-hazard, resulting in an indicator exposure score of 
10% (Fig. 4), the lowest as compared to the other two indicator scores. 

Next, we examine how progress and exposure of these national in
dicator scores may translate into SDG target progress to date (SDG target 
score Zt) and SDG target progress exposure (SDG target exposure score 
ZEt,h) (Fig. 5). Given that progress on SDG target 7.1. is measured solely 
by the indicator on ‘Electricity access’, we find that 26% of progress for 
target 7.1 is exposed to the multi-hazard, the largest across all individual 
SDG targets. The exposure scores for SDG targets 7.2, 7.b, 9.4, 9.a, and 
11.6, which are solely assessed in terms of the indicator ‘Renewables’, 
lie at 17%, whilst the exposure score for SDG target 11.2 and 11.a is 
calculated at 10% based on the directly assigned ‘Road length’ indicator. 
For those SDG targets measured by more than one performance indi
cator (SDG target 9.1 and 11.1), the SDG target exposure scores reach 
16% and 16.5%, respectively, similar to most other SDG targets. Across 
all affected SDG targets, we find that the composite SDG score C, which 
denotes average progress towards the infrastructure-affected targets, is 
40%. This composite SDG score across the sector-specific targets is 
exposed by 17%, implying that failure to adapt the energy and transport 
sector to a multi-hazard has the potential to set back Ghana’s progress 

Table 1 
Overview of adaptation strategies which include combinations of adaptation 
options for prioritised assets (see Supplementary Information Excel Table 3 for 
application of co-benefits method to proposed adaptation options and links to 
specific prioritised assets).  

Strategy Hazard Options Sector 

Built Flood Elevation of assets All 
Flood Re-enforcing road structure Road transport 
Flood Construct temporary barrier All 
Landslides Built slope stabilisation 

(anchors/bolts) 
Energy: distribution 

Nature- 
based 

Flood Catchment-level water 
management 

All 

Flood Protection of riparian 
vegetation 

Road transport, 
Energy: generation 

Flood Urban green areas and trees Road transport, 
Energy: distribution 

Landslides Natural slope stabilisation Energy: distribution 
Combined 

SDG 
Flood Sponge city, catchment-level 

measures, urban drainage 
All 

Flood Construct temporary 
barriers 

All 

Flood Urban green areas and trees Road transport, 
energy: distribution 

Flood Protection of riparian 
vegetation 

All  

Landslides Natural and built slope 
stabilisation 

Energy: distribution  
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on sustainable development with regard to energy and transport. 

4.1.2. Regional and asset-level results 
Calculating performance indicator and composite SDG at-risk scores 

requires integrating the exposure results with Ghana’s social vulnera
bility data, which differs by administrative region. Therefore, we 
compare the contribution of each administrative region to: a) the three 
performance indicator scores and the composite SDG score, b) their 
respective exposure scores, and c) their respective at-risk scores (Fig. 6). 

First, in comparing the contribution of each of Ghana’s 16 admin
istrative regions towards the various indicator scores Is, we find that the 
Ashanti region in Ghana’s mid-west plays the largest contribution to a 
single performance indicator ’Electricity access’. Taken together in a 
composite SDG score, we find that no one particular region plays a 
particularly large contribution to the composite SDG score, with Ashanti 
and North Eastern Region playing a larger contribution compared to the 
other regions (Fig. 6a). This picture drastically changes when identifying 
exposure of the respective indicator scores. We identify the Greater Accra 
region to play the largest role in the contribution to the ’Electricity ac
cess’ exposure score, the North East region to play the largest role in the 

contribution to the ’Renewable’ exposure score, and the south of Ghana 
to play the most important role in the contribution to the ’Road length’ 
exposure score – though this latter contribution is less obvious compared 
to the other indicators. For the composite SDG exposure score, we 
identify the North Eastern Region as well as Brong Ahafo and the Greater 
Accra Region to show the largest contributions (Fig. 6b). When also 
considering the social vulnerability component of climate risk (Fig. 6c), 
the adaptation needs in the North Eastern Region as compared to the 
Brong Ahafo and Greater Accra region are more pronounced, in other 
words, these regions show the largest adaptation need to safeguard 
existing SDG progress at-risk from the multi-hazard. 

Whilst the administrative region analysis provides important insight 
into where adaptation needs across sectors are largest, it is also critical 
for decision-makers to identify which specific assets contribute most to 
adaptation needs in terms of safeguarding sustainable development 
progress. Therefore, we rank assets based on both the largest contribu
tion to indicator exposure score and the social vulnerability of the 
population served by the asset. Fig. 7a-c shows the specific assets which 
play the largest role in safeguarding indicator progress at-risk, while 
Fig. 7d shows those with largest contribution to composite SDG progress 

Fig. 4. National performance indicator scores and national performance indicator scores exposed to multi-hazard. Icons image courtesy of United Nations.  
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at-risk: the Pwalugu hydro, Bui PV and Pwalugu solar plant, as well as a 
set of specific electricity substations. Based on stakeholder feedback in a 
participatory workshop, the resulting prioritised assets were slightly 
adjusted to represent assets across all three sectors, including the road 
sector (see Supplementary Information Excel Table 3 for prioritised 
assets). 

4.2. Phase (II) Adaptation options 

The relative performance of the built– versus nature-based strategy 
differs in relation to the total count of SDG co-benefits (see Fig. 8). 
Whilst the built strategy can provide SDG co-benefits across a total of 62 
of 169 SDG targets, these benefits increase to 102 SDG target co-benefits 
under a nature-based strategy. The additional 65% of SDG target in
fluences by the nature-based strategy can be attributed to the multi
functionality of using nature as an adaptation service. Using nature- 
based options such as conserving Ghana’s riparian wetland and grass
land vegetation, scaling up green urban areas, or creating natural slope 
stabilisation through afforestation can – apart from their adaptation 
services – also yield an increase in the other services nature provides. 
These services include cultural services through the conservation of 
cultural and educational practices around riparian wetlands and grass
lands, regulating services such as carbon sequestration or pollination, 
supporting services such as maintenance of genetic diversity or provi
sioning services such as freshwater, medicinal resources, food or raw 
materials. It is not surprising therefore that compared to the built 
strategy, the nature-based strategy provides co-benefits across more 
than double as many targets under SDG2 (‘zero hunger’), SDG4 (‘edu
cation’), SDG5 (‘gender’), SDG7 (‘energy’), SDG14 (‘life below water’), 
and SDG15 (‘life on land’) (see Fig. 8a versus Fig. 8b). 

The combined SDG strategy outperforms both individual strategies: 
we find that implementation of the combined strategy across built and 
nature-based options can have co-benefits across 116 of 169 SDG tar
gets. This larger overall SDG co-benefit result is achieved by maximising 
the unique (i.e. mutually-exclusive) co-benefits of the built as well as the 
nature-based option. Notably, the unique co-benefits of the built strat
egy can be attributed to the improved waste- and wastewater- 
management benefits of implementing urban drainage, a critical 
component of the drainage option for the capital Accra. Further, if 
protective barriers and slope stabilising anchors and bolts are manu
factured and constructed within Ghana – rather than imported – this 

adaptation option unlocks further co-benefits from the use of domestic 
manufacturing and construction services. Thereby, we find that 
combining feasible adaptation options from the built and natural envi
ronment can maximise SDG target co-benefits. 

5. Discussion 

Whilst past research has advanced the field of sustainable adaptation 
(Fuso Nerini et al., 2019; Fuldauer et al., 2022; Fuldauer et al., 2021; 
Gómez Martín et al., 2020), to date, no paper has demonstrated a 
methodological process to quantitatively embed an SDG vision at the 
outset of adaptation needs assessments (Phase I) or to evaluate the full 
range of SDG target co-benefits of implementing alternative adaptation 
strategies (Phase II). Such information is however critical for decision- 
makers to evaluate and maximise the full SDG benefits of adaptation 
in their national context. The methodological contributions developed 
in this paper aim to address this gap. 

5.1. Implications for adaptation in Ghana 

While the application of our proposed methodological process to 
Ghana inevitably lacked perfect information, this application never
theless provides important first insights for national decision-makers to 
integrate SDG targets in national adaptation assessments, focused on the 
biophysical dimensions of adaptation needs and options. 

Whilst research on the development of adaptation strategies under 
Ghana’s commitment to the Paris Agreement has recently been con
ducted (Antwi-Agyei, 2020; Dovie, 2015), this has not yet employed a 
systematic means to prioritise specific assets for adaptation of infra
structure sectors and has not been targeted to safeguard Ghana’s hard- 
earned development progress. Application of our proposed methodol
ogy that integrates SDG-aligned national performance values in adap
tation assessments enables national decision-makers to identify and 
prioritise administrative regions or assets for adaptation which are 
future-proof, i.e. they make a large contribution to Ghana’s SDG prog
ress. Especially with respect to access to essential services such as energy 
and transport, we identify the poorest districts in Greater Accra as being 
in high need for adaptation, which points to the importance of policy to 
support infrastructure adaptation in these areas. Whilst service provi
sion in these areas has improved over the past decades, this development 
progress is at risk of flooding impacts. Our finding aligns with previous 

Fig. 5. SDG target score, and SDG target score exposed to multi-hazard.  
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studies on the importance of policies that help build adaptive capacity in 
urban slums in Accra (Owusu and Nursey-Bray, 2019). It also un
derscores the importance of conducting additional on-the-ground 
adaptation planning to assist low adaptive capacity communities in 
preparing for the impacts of climate-change hazards, which should not 
only include a detailed evaluation of built asset protection and nature- 
based adaptation options, but also broader enabling environment and 
social options that help build adaptive capacity (Lawson et al., 2019). 

Research in Ghana has recently identified adaptation options to 
broadly prepare the nation’s sectors to climate-change hazards (Dovie, 
2015; Hellmuth et al., 2017; Antwi-Agyei, 2020). Yet, to date, these are 
formulated in broad terms such as ‘Scale up natural resource 

management’ to ’climate-vulnerable infrastructure’, limiting their po
tential to be utilised in specific adaptation funding proposals or as a first 
step in adaptation implementation. By assigning feasible adaptation 
options to prioritised assets, the results from our research help add 
specificity to the broadly formulated options represented in Ghana’s 
national documents. Our findings provide decision-makers with 
spatially-explicit information on adaptation prioritisation, for example 
to focus on the ’Protection of riparian vegetation’ on the climate- 
vulnerable renewables: Solar Pwalagu and Hydro Pwalagu. Thereby, 
our results can help specify assets and options under the broadly pro
posed adaptation priorities, including under Ghana’s Adaptation Strat
egy and Action Plan for the Infrastructure Sector (Antwi-Agyei, 2020). 

Fig. 6. Spatial translation of adaptation needs in the context of three national performance indicators and a composite SDG score, with the contribution of 
administrative regions to a) indicator and composite SDG score, (b) indicator and composite SDG exposure score, (c) indicator and composite SDG at-risk score. Icons 
image courtesy of United Nations. 
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Furthermore, our results provide depolicised evidence to help develop 
Ghana’s National Adaptation Plan (NAP) that is aligned with SDGs, 
thereby helping to overcome limitations of NAP to date that have been 
critiqued for their lack of specificity and alignment with sustainable 
development (Hardee and Mutunga, 2009; Termeer et al., 2012). 

Previous studies on sustainable adaptation (Eriksen et al., 2021; 
Schipper, 2020; Antwi-Agyei et al., 2018) have not yet enabled decision- 
makers to evaluate the full range of SDG target co-benefits of different 
adaptation options. Such information however is important to be able to 
maximise synergies of national adaptation plans with the SDG targets, a 

broadly unmet requirement for national adaptation planning under the 
Paris Agreement to date (Fuldauer et al., 2022). Our result on the range 
of potential SDG target co-benefits of different adaptation strategies in 
Ghana provides an important first step to illustrate the range of non- 
quantifiable benefits of adopting nature-based adaptation options, 
including their potential to protect biodiversity, sequester carbon, and 
contribute to important cultural practices, amongst others, thereby 
responding to a literature gap as identified by Seddon et al., 2021 and 
Seddon et al., 2020. Our results demonstrate that nature-based adap
tation options have the potential to contribute to all SDGs. This result 

Fig. 7. Prioritising assets to safeguard largest progress on the indicator and composite SDG target scores against climate risk, where (a)-(c) show asset contributions 
to indicator at-risk scores IRt,s and (d) shows asset contributions to composite SDG at-risk score CRt (d). Axis scaled for visualisation purposes. 
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goes beyond the often-cited direct SDG benefits of nature-based adap
tation options in contributing to three main goals: SDG13 (’climate ac
tion’), SDG14 (’life below water’), and SDG15 (’life on land’) (UNEP, 
2022) and complements existing studies on the contribution of 
ecosystem services and biodiversity to the SDG targets (Wood et al., 
2018; Blicharska et al., 2019). By identifying the broad range of all 
potential SDG target influences of adaptation options at the outset of the 
adaptation planning process, it is possible to more systematically 
maximise these potential influences whilst minimising the potential 
maladaptive consequences of adaptation prominent in Ghana (Antwi- 
Agyei et al., 2018). Thereby, our results go beyond previously existing 
sustainability categories to evaluate adaptation in Ghana, which typi
cally focused on the following limited number of categories: ’job crea
tion’, ’costs’, ’implementation time’, ’fund availability’, 
’implementation ensured’, which do not capture the range of sustainable 
development dimensions as described in the 169 SDG targets (Dovie, 
2015). 

To date, only 25% of tracked global climate finance goes to adap
tation (Editorial, 2021). Our finding of the range of SDG target co- 
benefits that can be realised from the implementation of adaptation 
strategies provides an additional rationale for investing in adaptation in 
Ghana and other developing countries. The application of our proposed 
methodological process demonstrates that adaptation does not only help 
reduce climate risk, but – if planned and implemented accordingly – can 
deliver up to 116 SDG target co-benefits. However, our results also 
suggest that these co-benefits are only achieved if adaptation makes use 
of local construction and manufacturing services and if nature-based 
solutions are designed to deliver biodiversity and local adaptation 
benefits, thereby complementing previous studies (Seddon et al., 2021). 

More broadly, establishing an SDG vision at the outset of adaptation 
planning can help to pave the way towards identifying synergies be
tween adaptation and Ghana’s future development investments. Based 
on the Phase I findings of where and how much administrative regions 
currently contribute to SDG progress (Fig. 6), it is also possible to 

Fig. 8. Evaluating SDG target co-benefits of adaptation strategies across the energy and transport sectors. Icons image courtesy of United Nations.  
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identify where proposed future sustainable infrastructure developments 
may be prioritised within and across sectors to ensure the largest SDG 
gains. National documents such as the Ghana Infrastructure Plan or 
Ghana’s Adaptation Strategy under the Paris Agreement propose sets of 
future infrastructure developments to meet desired targets (NDPC, 
2019; Antwi-Agyei, 2020). However, it is not yet clear where such 
infrastructure developments can have the largest contribution to sector- 
specific indicator progress or cross-sectoral composite SDG progress. 
Whilst not quantitatively performed in this paper, the methodological 
process developed here can be used to evaluate adaptation options for 
their potential to increase baseline performance with regard to desired 
targets. One example is a recently proposed adaptation option ”Expan
sion of energy infrastructure to reduce pressure on the existing elec
tricity grid in the face of climate change” (Antwi-Agyei, 2020), which 
not only adds adaptive redundancy to the electricity network, but also 
increases the quantity of service provision. If such an adaptation option 
is focused on areas inhabited by populations with no or little access to 
electricity, it is possible to achieve synergies between risk-reduction and 
absolute SDG progress, which is critical for ensuring climate-resilient 
development in Ghana (Antwi-Agyei et al., 2017). Therefore, applica
tion of our proposed methodological process can help decision-makers 
in Ghana target policy and investment efforts to areas where gains 
from synergistic implementation of risk-reduction and sustainable 
development measures are highest. 

5.2. Theoretical implications 

The choice of method to evaluate the benefits of adaptation to 
climate risk is crucial. To date, most evaluations of adaptation options 
focus on economic cost-benefit analyses, especially those around infra
structure adaptation in the energy and transport sectors (Thacker et al., 
2017b; Pant et al., 2016; Kheradmand et al., 2018). However, the sole 
use of economic cost-benefit assessments as a method for adaptation 
evaluation has important shortcomings (Verschuur et al., 2020), 
including in meeting the increasing calls to link adaptation and sus
tainable development (Jafino et al., 2021). The benefit value, corre
sponding to the avoided damage of asset protection, is inherently biased 
towards more costly infrastructure. As a result, the benefits derived from 
adaptation are likely also biased towards more costly and larger infra
structure assets, irrespective of the asset’s contribution to sustainable 
development. Our proposed methodological contributions, which use 
the SDG targets and related indicators as an additional metric to assess 
adaptation benefits, can help account for the shortcomings of 
economics-based methods. In light of the global acceptance of the SDG 
framework, our proposed methodology is transferable to other nations 
and can be applied across a range of sectors to align national adaptation 
with the SDG targets, an unmet requirement for adaptation planning 
under the Paris Agreement to date (Fuldauer et al., 2022). 

More broadly, by integrating quantitative performance indicators 
linked to the SDG targets at the outset of adaptation needs assessments, 
our proposed methodology responds to calls in the literature to assess 
adaptation with respect to baseline development trends (Jafino et al., 
2021). Our work thereby expands upon an existing SDG indicator 
framework (Adshead et al., 2019) by spatially translating indicators to 
the asset scale, which for the first time allows integration with spatial 
climate risk analysis. This asset-scale enables a new specificity and 
granularity for informing climate adaptation planning in the context of 
each SDG target. Notably, the resulting spatial maps from application of 
our proposed methodological process visualise natural environment 
assets in the context of climate adaptation, thereby addressing an unmet 
need for integrating spatial information in adaptation commitments 
under the Paris Agreement as identified by Khan and Schmidt-Traub 
(2020). 

With respect to the evaluation of different adaptation options to 
protect a set of assets or areas against climate risk, numerous authors 
have highlighted the lack of clear objectives to measure and evaluate 

specific adaptation options (Tompkins et al., 2018; Owen, 2020; Nalau 
and Verrall, 2021; Seddon et al., 2021). There is no single metric which 
can capture the aggregate effects of any adaptation option in the com
plex process related to adaptation. In other words, there is no adaptation 
equivalent to the CO2 metric which is widely used to measure the ben
efits of different mitigation options (Owen, 2020). Our proposed metric 
of potential SDG target co-benefits provides a useful first step in evalu
ating adaptation options across a range of sustainable development di
mensions. Given the difficulty in quantifying the magnitude of SDG 
target co-benefits across all development dimensions, our proposed 
additional metric of an estimated number of SDG target co-benefits 
should not necessarily be regarded a substitute to other metrics. 
Rather, it can be an additional metric which is evaluated alongside other 
metrics such as economic cost-benefit ratio (Thacker et al., 2017b), 
feasibility criteria (Singh et al., 2020; Williams et al., 2021), imple
mentation time, and others. 

5.3. Limitations and further research 

We discuss key limitations of our study and outline avenues for 
future research. First, the application of the proposed methodology in 
Ghana focused on a limited set of sector/sustainability dimensions and 
three performance indicators – those for which national-scale geospatial 
data and desired optimal performance values could be extracted from 
available datasets and national official documents. The focus on three 
performance indicators and extrapolation for 10 SDG targets in this 
Ghana application involves double counting of indicators based on SDG 
target influences, which affects the final results. Future work should 
consider additional indicators as well as a broader range of sector/sus
tainability dimensions. This notably includes considerations of the 
quality of service, environmental sustainability-, affordability-, and 
accessibility indicators, amongst others. Such a broader indicator range, 
ideally across sectors, would provide decision-makers with a more 
nuanced quantification of the SDG benefits of adaptation. 

Furthermore, the available performance values focused on the 
Ghana-aligned sustainable development agenda, which uses 2047 - 
rather than the SDG-specific 2030 - timeline as a target year. Therefore, 
results should be interpreted as Ghana-specific SDG-aligned results, 
taking into account the timeline differences. A global application of the 
proposed methodological process may use performance values for the 
2030 timeline to better align with the global SDGs. 

Second, the composite SDG scores in this paper should be interpreted 
as guiding metrics. Any composite score suffers from potential biases in 
the way weights are assigned and aggregated with respect to the 
importance of different indicators as well as the substitutability of 
different criteria (Greco et al., 2018). In the absence of Ghana 
stakeholder-elicited preferences, we used equal weights and a linear 
aggregation approach, which is based on the arithmetic mean, following 
the approach adopted by the global SDG Index (Lafortune et al., 2018). 
One critical limitation of linear aggregation is its compensatory nature 
such that poorly-performing indicators can be outweighed by strong- 
performing ones (Greco et al., 2018). In the context of the SDG in
dicators and targets, the use of such a linear aggregation approach as
sumes that each component of the resulting composite SDG score is 
perfectly substitutable and that regress on one indicator can be offset by 
progress on another (Lafortune et al., 2018). Future assessments could 
explore different aggregation and weighting approaches to identify how 
scores might change, including the use of: a) a Leotief production 
function where the composite SDG target and goal score is determined 
by the lowest individual indicator scores, b) the use of a geometric mean 
often used to aggregate heterogeneous variables with limited substi
tutability, c) participatory expert-elicited weightings to determine 
weights and aggregations, including on the substitutability and impor
tance of individual indicators in composite SDG performance (we refer 
readers to Miola and Schiltz, 2019 for a discussion and implication of 
different weightings and to Booysen, 2002 as well as the OECD and 
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European Union Joint Research Centre, 2020 for an additional discus
sions on composite indices). Following Lafortune et al., 2018 and Ads
head et al., 2019, we justify the use of: a) equal weights at the goal level 
by the fact that all SDGs are considered as having equal importance and 
at the target and indicator level in that all alternatives can be considered 
less satisfactory, and b) a linear aggregation for its simplicity of inter
pretation (see Lafortune et al., 2018 for details). 

Third, the climate risk application in this paper was based on as
sumptions that are parameterised using Ghana-based sources, including 
NADMO-specific hazard maps. Whilst the hazard maps have been veri
fied with inundation experiences in country and have been widely used 
in national official documents (EPA, 2020), they do not provide inun
dation depths, duration information, or quantified probabilities. 
Therefore, it is merely possible to identify exposure and risk in terms of 
the broad classification of low, medium, or high hazard likelihood (see 
NADMO, 2015). Additionally, the climate risk application relies on the 
assumption that asset exposure disrupts service provision, i.e. that asset 
sensitivity to hazards is high, an assumption that should be para
meterised with quantitative values. Thereby, the presented climate risk 
analysis is limited to a stress-test rather than a probabilistic climate risk 
assessment. Future work could update the analysis with probabilistic 
hazard maps (see Ward et al., 2020), sector-specific depth-damage 
functions and/or fragility curves that can better estimate asset vulner
ability (Winsemius et al., 2016; Meyer et al., 2013; Huizinga et al., 
2017), as well as further uncertainty and sensitivity assessments around 
the datasets (see Koks et al., 2019). Moreover, given that the scope of 
considered hazards largely determines asset prioritisation results, future 
assessments might include a broader range of hazards, including chronic 
climate-change hazards alongside acute ones. This could, for example, 
be achieved by quantifying the impact of gradual reduced river runoff on 
drinking water provision, which is directly linked to SDG6 (’clean 
water’). 

Lastly, our proposed methodological contribution for integrating 
SDG targets into adaptation assessments focuses on current assets and 
climate-change hazard scenarios. Yet, adaptation to climate change is 
highly dynamic. Accounting for future infrastructure development, ur
banisation, population growth (see Adshead et al., 2019; Allen et al., 
2019; Allen et al., 2021) as well as future hazard scenarios will be 
critical to complement the proposed methodological contributions to
wards identifying synergistic adaptation-development strategies to
wards reducing future climate risk and maximising contributions 
towards achieving the SDG agenda by 2030. 

6. Conclusion 

This paper makes a number of methodological and practical contri
butions to the field of climate adaptation. Methodologically, this paper 
for the first time proposes a process for grounding national adaptation 
assessments in an SDG vision, which helps decision-makers develop 
spatially-explicit adaptation strategies under the Paris Agreement that 
safeguard existing SDG target progress whilst delivering SDG target co- 
benefits. Practically, an application of the proposed methodological 
process to Ghana demonstrates that adoption of a combined built and 
nature-based adaptation strategy across SDG prioritised assets has the 
potential to safeguard development progress and contribute to 116 SDG 
targets across all 17 SDGs. The high spatial resolution of the resulting 
findings can be used by decision-makers to take important steps towards 
the action needed to align climate adaptation planning and sustainable 
development in Ghana. 

Collectively, the contributions in this paper provide valuable insights 
to evaluate climate adaptation in the context of the SDGs and the Paris 
Agreement. These contributions transcend traditional economic adap
tation assessments by placing the global agendas at the heart of the 
adaptation planning process. As more nations develop and revise their 
adaptation commitments under the Paris Agreement, iterative applica
tion of the proposed methodological process can help spur coordination 

across adaptation and development planning into the future, thereby 
bringing together knowledge across national and local government, non- 
governmental organisations as well as the private sector. 

Given the increasing frequency and intensity of hazards with climate 
change, inaction with respect to adaptation will set back progress on 
sustainable development. Through a case study in Ghana, this paper 
quantitatively and qualitatively demonstrates how integrating SDG 
targets at the outset of national adaptation assessments can help better 
evaluate sustainable adaptation strategies, thereby ensuring that adap
tation contributes to both a climate-resilient and a sustainable future. 
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