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Executive Summary 
 
This document is comprised of three separate chapters: 
 
Chapter One: Project Appraisal for Climate Mainstreaming in Rwandaôs Tea and Coffee 

Sectors  
 
Chapter Two: Adaptation decision-making in Zanzibarôs clove plantations: a cost benefit 

analysis extended to ñlight touchò uncertainty treatment 
 
Chapter Three: Adapting to Climate Change in Zanzibarôs Seaweed Farming Sector 
 
The case studies across the two developing countries ï Rwanda and Zanzibar ï are designed 
to have practical use in determining future adaptation investments. Thus, the four products ï 
coffee, tea (Rwanda); seaweed, cloves (Zanzibar) ï were selected in conjunction with the 
principal stakeholders: primarily government ministries, producers and exporters. This process 
ï reported in detail in D9.1 ï ensured that the research is more likely to be incorporated in 
respective sectoral development plans. It also provided a means with which to ensure that 
adaptation options were developed in the wider policy context that investment decisions are 
made. An indicator of the effectiveness of this approach is the fact that evolved versions of the 
coffee and tea analysis undertaken in Rwanda are now being used as the basis for part of an 
application by the Rwandan Government to the Green Climate Fund established by the UN. 

Other principal conclusions are outlined in the following paragraphs. 

First, consistent with current practice in development economics, the analyses illustrate the 
continued importance of estimating shadow prices ï market and non-market ï for a range of 
parameters included in the economic analyses. The main market parameters for which shadow 
prices include the wage rate, distributional weighting, and the discount rate. All constitute a 
significant form of uncertainty in the analyses, additional to climate change scenarios. Non-
market shadow prices include carbon prices and ecosystem damages.  
 
By way of highlighting this point, the seaweed analysis demonstrates the importance of non-
market values in climate adaptation interventions. Across all scenarios, appraisals including 
non-market costs and benefits present much higher returns than financial cash flows alone. This 
indicates that the adaptation options generate significant social value. Economic, environmental 
and social benefits of all interventions provide ample opportunity for productive public 
investment in the sector. Similarly, while global damage assessments have long recognised 
inequities in climate impacts across regions in the world and between national income groups, 
they have been less prominent in local analyses. The seaweed case study highlighted gender 
impacts as an important distributional dimension in the assessment. With distributional weights 
included in economic valuation, the appraisal demonstrates how a political consideration can be 
included quantitatively alongside other costs and benefits.  
 
Second, the case studies serve to illustrate that economic decision-support methods that have 
been developed to better incorporate non-probabilistic uncertainties, of the type presented by 
climate change projections, can be applied in developing country contexts. In each of the three 
case studies, these methods ï Portfolio Analysis in Rwanda, Real Options Analysis in Zanzibar 
ï are shown to add a further, additional, level of insight to the information that conventional 
methods such as Cost-Benefit Analysis can convey. 
 
However, third, and as a caveat to the second conclusion, the resource requirements associated 
with undertaking these more sophisticated methods remain considerable. In the case of the 
Portfolio Analysis of tea-planting strategies, the data processing was very time-consuming and 
required a relatively high level of numeracy. The applications of Real Options Analysis ï whilst 
simplified into a decision-tree approach ï also required a relatively high degree of knowledge of 
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these methods. It seems, therefore, that the holy grail of ñlight touchò methods are not quite yet 
in sight. Certainly, future research needs to focus on simplified approaches to the treatment of 
uncertainty in adaptation appraisal, as well as effective communication of the results of these 
appraisals.     
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Executive Summary  
 
The objectives of this work package are to: 
 

¶ Undertake a case study on the economics of adaptation in the context of international 
development support. 

¶ Undertake this work on a real case study example aligned to developing country 
adaptation flows and analysis. 

¶ Consider lessons learned and transferability of the case study to methods and guidance. 
 
Consistent with international pledges, there will be very large increases in European overseas 
development assistance to developing countries, and a likely greater need to demonstrate that 
these financial resources are being used effectively. This assistance will be dispersed through 
bi-lateral and multi-lateral arrangements, and range from support for national processes through 
to individual projects. This work package investigates the economics of adaptation in relation to 
these flows and policy contexts. The analysis is undertaken in collaboration with developing 
country partners in real applications looking at project and programme level adaptation 
implementation. Two country studies are selected: Rwanda tea and coffee production, and; 
Zanzibar seaweed and clove production. 
 
Task 9.2: 
 
This task undertakes three case studies, examining the prioritisation of adaptation at the national 
programmatic and project levels, respectively. The analysis is aligned to examples of 
programmes and projects that ï as identified in Task 9.1 ï are likely to emerge from international 
climate funds. These two areas therefore parallel those adopted in the case studies to be 
undertaken in WP6 and WP7. Common components of analysis include:  
 

1. Policy-focused framing of decision context, including a literature review and a policy 
dialogue (Link to WP1 and WP12). 

2. Application of decision support tool; including identification of adaptation actions; 
Estimation of benefits (monetary and/or non-monetary); Estimation of resource costs 
(Inputs from WP1-2; providing input to WP10, WP12 and WPs1-4). 

3. Assessment of application of decision rule(s) incorporating treatment of uncertainties 
(drawing on work from and providing information to WP4). 

4. Application of transfer, scaling and aggregation protocols to national and regional 
contexts (drawing on work from and providing information to WP3). 

 
However, the methods are not identical: there has been a need to adapt these for the developing 
country context for a number of reasons. First, there is a much greater focus on addressing 
existing climate variability (the adaptation deficit) in developing countries. Second, there is a 
formal requirement to estimate the additionality of adaptation needs over development funding. 
Third, there are substantial challenges in terms of data availability, governance and institutional 
capacity in developing countries, which make the application of complex methods more difficult 
and the emphasis on streamlining and simplifying analytical methods and tools.  



ECONADAPT ς Economics of adaptation 

Chapter One:  Project Appraisal for Climate Mainstreaming in Rwanda 
5 

 

Assumptions 
 

Exchange rate: 1 USD = 800 RWF 

Inflation: Constant (2016) prices 

Social discount rate: 0% to 13% 

  

List of Abbreviations 
 
BAU = Business as usual (no change) 
c21 = 21st Century 
CBA = cost-benefit analysis 
CIAT = International Centre for Tropical Agriculture 
CMIP = Coupled Model Intercropmarison Project 
GDP= Gross Domestic Product 
ENSO = El Niño-Southern Oscillation 
GCM = Global climate model 
GoR = Government of Rwanda 
Ha = Hectare(s) 
IIASA = International Institude for Applied Systems Anlaysis 
IPCC = Intergovernmental Panel on Climate Change 
IRR = Internal rate of return 
MAM = March-April-May (Rwandaôs short rainy season) 
Masl = meters above sea level 
NAEB = National Agricultural Export Development Board (Government of Rwanda) 
NPV = Net present value 
RoR = Republic of Rwanda 
PA = Portfolio analysis 
PRICE = Project for Rural Income through Exports 
RCP = Representative Concentration Pathway 
ROA = Real options analysis 
RWF = Rwandan Francs 
SOND = September-October-November-December (Rwandaôs long rainy season) 
SWC = Soil and water conservation 
TWFA = The Wood Foundation Africa 
USD = US Dollars 
WHO = World Health Organisation 

  



ECONADAPT ς Economics of adaptation 

Chapter One:  Project Appraisal for Climate Mainstreaming in Rwanda 
6 

 

1. LƴǘǊƻŘǳŎǘƛƻƴ 

Investment outline  

 
The Government of Rwanda has developed tea expansion maps as part of the strategy to 
expand tea plantations through public-private investment e.g. Annex 1. These maps highlight 
areas suitable for growing tea in todayôs climate and define tea plantation boundaries for 
investors. The strategic information from these expansion maps facilitates public-private sector 
investment that will help achieve the Government of Rwandaôs EDPRS II targets (Republic of 
Rwanda, 2013a).  
 
However, the Governmentôs tea expansion maps do not account for potential changes in future 
climate. This is important because of the longevity of tea plantations; they are similar to 
infrastructure investments with large sunk costs and can remain economically viable for over 50 
years (Republic of Rwanda, 2016a). As part of mainstreaming climate change into the tea 
expansion plans, the project appraised here aims to invest in updated tea expansion maps that 
show areas suitable for growing tea in both current and possible future climates. The climate 
risk maps will cover both local and national levels.  
 
This study focuses on the benefits and costs of climate risk mapping at a local scale, before 
scaling up to account for wider benefits and costs at a national scale. At the local scale, a 
representative analysis of investing in 3,415ha of smallholder tea plantations is carried out. This 
scale represents the smallholder tea plantations that will be implemented by The Wood 
Foundation Africa and smallholders in four sectors of the Nyaruguru District. A Services 
Company jointly owned by smallholders (49%) and The Wood Foundation Africa (TWFA) (51%) 
will implement the tea plantations, with additional co-financing from Unilever and the UK 
Department for International Development (DfID). A total investment of USD 70 million is 
planned over 10-15 years, with USD 14 million allocated to the Services Company. (DfID, 2016). 
 
This study considers how climate risk mapping may alter the tea planting decisions at this 
individual 3,415ha expansion site, with a particular focus on the altitude at which tea is planted. 
The benefits and costs for this local context are then scaled up to capture the total area of land 
needed to achieve the Government of Rwandaôs tea expansion targets. This approach shows 
the uncertainty that climate risk mapping may quantify at a local scale, and also the public 
information value generated by climate risk mapping at a national scale. 

Decision support tool: Portfolio Analysis  

 
Portfolio analysis can be applied to risky investment decisions outside of finance, including 
climate change adaptation (MEDIATION, 2013). This economic decision support tool is 
therefore used to appraise the climate risk mapping investment. This investment falls under the 
remit of climate change adaptation because tea yield and quality are sensitive to climate. In 
Kenya, teaôs optimum altitude band is currently between 1500 and 2100 (masl) above sea level 
(CIAT, 2011). However, the International Centre for Tropical Agriculture (CIAT, 2011) project 
that this optimal band will shift to between 2000 and 2300 masl by 2050 as a result of climate 
change. Given the proximity of Rwanda to Kenya, locations in Rwanda that are suitable to grow 
tea today may not be suitable in future climate scenarios This study evaluates this hypothesis. 
 
Altitude is used as a proxy for temperature in this analysis, with different elevation bands 
representing investment options for new tea plantations. As temperature decrease 0.65oC for 
every 100 meters climbed (ICAO, 1993), different altitude bands are expected to be better suited 
for growing tea. The suitability of a particular altitude band for growing tea is also expected to 
change over time, depending on the future climate scenario. This study evaluates different 
combinations (portfolios) of altitude bands in which tea can be planted. The proposition is that 
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climate risk mapping can better inform tea investors about where to plant tea in order to achieve 
returns that are robust across a range of future climate scenarios.   
 
The difference in returns for the smallholder tea plantations with and without climate risk 
mapping is evaluated. Without climate risk mapping, tea plantations may be implemented at 
altitude bands that are optimal for todayôs climate but sub-optimal for the future climate. The 
investment into climate risk mapping should provide information about the performance of 
different altitude bands in different future climate scenarios and help avoid the lock-in associated 
with establishing new tea plantations at sub-optimal altitudes. 
 
Traditionally, portfolio analysis uses historical returns to assess the mean return and variance 
of assets (Markowitz, 1952). However, an alternative ñlight touchò approach has been developed 
in this study. Portfolios are selected using analysis of tea plantation performance in altitude 
bands, an understanding of the decision problem and heuristics. In addition, only two climate 
scenarios are analysed; the highest and lowest annual mean temperature projections for 
Rwanda. This approach captures the full range of scenario and model uncertainty whilst 
minimising the complexity of the analysis. 
 

Box 1: Origins of portfolio analysis and its application to climate finance  
(Source: Markowitz, 1952) 

 

  

 
Portfolio Analysis is a decision support tool originating from financial asset management. Markowitz 
(1952) first developed portfolio selection theory, as an analysis of the mean returns and variance of 
returns for individual assets (mean-variance analysis). Different assets have different expected 
returns and variance of returns (risk). Therefore, the expected return and risk of a portfolio depends 
on the underlying expected returns and risk of each asset held in the portfolio, and how much of 
ŜŀŎƘ ŀǎǎŜǘ ƛǎ ƘŜƭŘ ƛƴ ǘƘŜ ǇƻǊǘŦƻƭƛƻΦ aŀǊƪƻǿƛǘȊ όмфрнύ ŘŜǾŜƭƻǇŜŘ ǘƘŜ άŜŦŦƛŎƛŜƴǘ ŦǊƻƴǘƛŜǊέ ƘȅǇƻǘƘŜǎƛǎΣ 
which evaluates portfolios that have the highest expected return for a given level of risk (Figure 1). 

 
Along the efficient frontier, the level of risk is minimised 
for a given expected return. The portfolios along this 
ƭƛƴŜ ŀǊŜ ƪƴƻǿƴ ŀǎ άŜŦŦƛŎƛŜƴǘ ǇƻǊǘŦƻƭƛƻǎέΦ ¢ƘŜ ƭŜŦǘƳƻǎǘ 
point on the line represents the minimum variance 
portfolio i.e. the efficient portfolio with lowest risk. 
There is a clear trade-off between the level of risk and 
the expected return on the efficient frontier; portfolios 
with higher expected returns also have a higher level of 
risk. Therefore, the decision about which efficient 
portfolio to invest in depends on the level of acceptable 
risk to the investor(s). 
 

 
In this study, deciding which combination of adaptation options to invest in is the same as choosing 
ŀ ǇƻǊǘŦƻƭƛƻΦ ¢Ƙƛǎ άŀŘŀǇǘŀǘƛƻƴέ ǇƻǊǘŦƻƭƛƻΩǎ ǊŜǘǳǊƴ ŀƴŘ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ǊŜǘǳǊƴǎ όǳƴŎŜǊǘŀƛƴǘȅύ ōŜǘǿŜŜƴ 
climate scenarios depends on the underlying adaptation options. However, there is a range of 
ǇƻǎǎƛōƭŜ ŦǳǘǳǊŜ ŎƭƛƳŀǘŜ ǎŎŜƴŀǊƛƻǎ όLL!{!Σ нлмпύ ŀƴŘ ŀŘŀǇǘŀǘƛƻƴ ƻǇǘƛƻƴǎΩ ōŜƴŜŦƛǘǎ ŀƴŘ Ŏƻǎǘǎ Ŏŀƴ ǾŀǊȅ 
between these scenarios. For example, flood defences are likely to have higher benefits if they 
ǇǊƻǘŜŎǘ ŀƎŀƛƴǎǘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ŦƭƻƻŘ ŜǾŜƴǘǎ ƛƴ ǘƘŜ ŦǳǘǳǊŜΦ ¢ƘŜǊŜŦƻǊŜ ǘƘŜ ŀŘŀǇǘŀǘƛƻƴ ǇƻǊǘŦƻƭƛƻΩǎ ǊŜǘǳǊƴ 
and difference in returns (uncertainty) will depend on the plausible future climate scenarios. 

 

Figure 1: The efficient frontier for traditional portfolio 
analysis, illustrating the trade-off between risk and 
return (Source: Blogspot, 2010) 
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2. aŜǘƘƻŘƻƭƻƎȅ 

 
Standard economic decision support tools, including cost-benefit analysis and cost-
effectiveness analysis, either assume future outcomes are known with certainty or assign 
probabilities to these future outcomes to evaluate the ñexpectedò outcome. These decision 
support tools attempt to identify the ñoptimalò choice from a set of options. However, climate 
change is characterised by deep uncertainty because of the complex interactions between 
human and biophysical systems. Therefore, standard economic decision support tools may not 
be suitable for informing decisions that account for climate change. (Watkiss et al., 2015) 
 
This case study uses extensions of the normal economic decision support tools. Instead of 
evaluating the ñoptimalò choice for one climate scenario, these decision support tools 
recommend options that are ñrobustò in the face of deep uncertainty about how the future climate 
might change. The decision criteria used in this study are the financial internal rate of return 
(IRR) and economic efficiency (NPV and BCR). These criteria are tested for multiple 
investments across a range future climate scenarios. 
 
The decision support tools used in this study have been chosen to reflect the level of uncertainty 
and the type of adaptation options. For adaptation options that address the adaptation deficit in 
the tea and coffee sectors, cost-benefit scenario analysis is used for a range of plausible (short-
term) future climate scenarios. For the near-term problem of choosing where to implement new 
tea plantations (climate-smart planning), portfolio analysis is used to evaluate the investment 
into climate risk mapping. The results from these decision support tools for the different 
adaptation investments are then combined to evaluate the projectôs overall outcome. 
 
As climate data in Rwanda is limited (Jones et al., 2015), ñlight-touchò versions of these decision 
support tools have been developed. Probabilities are not used to weight the likelihood of 
outcomes in different climate scenarios (full uncertainty).  This case study recognises that 
traditional cost-benefit and portfolio analysis require probabilities to provide expected returns, 
but it is hoped that this modification will allow this decision support tools to be used more widely 
used in contexts where climate information is limited. 
 
In order to use these decision support tools in the context of climate change, the components in 
Figure 1 are evaluated. These four components allow the interactions between climate, crop 
output and adaptation options to be assessed.   
 

Figure 1: Components used for assessing the impact of climate and adaptation options on crop 
production 
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2.1  Climate scenarios 

Projections 

Plausible future climate scenarios need to be identified so that the impact of future climate on 
the projectôs outcome can be modelled. This case study reviewed climate projections from 
multiple sources (Table 1). Seasonal or monthly climate projections are transformed to annual 
projections so that the different sources can be compared. This annualised approach is also 
suitable for a light touch appraisal; by smoothing the noise associated with seasonal and 
monthly climate variability the results can be more easily interpreted.  
 

Source 
Republic of 

Rwanda 
(2011) 

UK Met 
Office (2016) 

Climate Info 
Portal (2016) 

WHO 
Country 
Profile 
(2015) 

Climate-Fact-
Sheets (2015) 

Baseline 1960 ï 90 1970 - 99 1979 - 2000 1961 - 90 1961 - 90 

Projections CMIP3 CMIP5 CMIP5 CMIP5 CMIP3&5 

Scenarios A1B RCP6.0 RCP4.5/8.5 RCP2.6/8.5 SRES A2/B1 & 
RCP2.6/4.5/8.

5 

Models 19 GCMs 18 GCMs 10 GCMs 20 GCMs 31/46 GCMs 

Downscaled N/K No Yes (Stat) Yes (Dyn) Yes (Stat) 

ȹ oC Midc21 +1.1 to +2.8 +0.2 to +1.4 +1.2 to +2.0 +0.5 to +3.0 +1.4 to +2.7 

ȹ oC Endc21 +2.0 to +4.0 0 to +4.0 +1.8 to +3.7 +0.5 to +6.0 +1.5 to +5.1 

%ȹ Rain 
Midc21 

-5 to +25 -3 to +23 -1.8 to +2.0 N/K -1.0 to +6.0 

%ȹ Rain 
Endc21 

-7 to +35 -6 to +44 -3.9 to -2.1 N/K -1.0 to +11.0 

 
Table 1: Different sources and features of climate projection for Rwanda (Sources: Climate-Fact-
Sheet, 2011; Climate Information Portal, 2016; Republic of Rwanda, 2011; UK Met Office, 2016; WHO, 
2015) 

For temperature, all the climate projections in Table 1 agree that mean annual temperature will 
either increase or remain the same by the end of the 20th Century. This means there is little 
uncertainty about the direction of change for temperature. However, the actual amount that 
temperature is projected to change varies between the different sources, emissions scenarios 
and models.  The projections for rainfall are much more uncertain; not all the climate projections 
agree on the direction of change (positive or negative) and the magnitude of change varies 
significantly between different sources, emissions scenarios and models. Therefore, choosing 
between these contrasting projections is difficult. In order to capture a wide range of the 
information provided by the full list of projects, the following criteria are used to decide which 
projections to use in the climate scenarios:  
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Baseline data period: At least 30 years 

Projection models: Latest available (CMIP5) 

Emissions scenarios: Latest, highest (RCP8.5) and lowest (RCP2.6) to capture scenario uncertainty 

Global circulation models: Ensemble, to capture inter-model uncertainty 

Bias correction: Preferably dynamically downscaled (Dyn), otherwise statistically (Stat) 

Reliable and accessible: Accredited data/models and easy to interpret 

Temperature 

 
This case study uses WHO Country Profile (WHO, 2015) climate projections for mean annual 
temperature. This is because they use the latest climate projections available (CMIP5), consider 
both a high (RCP8.5) and low (RCP2.6) emissions scenario, test a sufficient number of global 
circulation models (20 GCMs) and are dynamically downscaled (bias corrected) using 
meteorological data from a weather station in Kigali, Rwanda. This means a wide range of 
scenario and model uncertainty is captured in these projections, and the data is up-to-date and 
corrected using observed temperatures in Rwanda. Figure 2 below shows the temperature 
projections from the WHO Country Profile. 

Figure 2: Mean annual temperature projections for Rwanda in emissions scenarios RCP2.6 and 
RCP8.5 (Source: WHO, 2015). 

 
As Figure 2 shows, the models project a reasonably similar change in mean annual temperature 
before 2050 in both emissions scenarios. However, by 2100 the projected change is significantly 
different between the emissions scenarios. Therefore, two points in the future, 2050 and 2100, 
are used to assess the relative change in temperature compared to when the project will be 
implemented (2016). To capture scenario (emissions) and model uncertainty, the 90th percentile 
temperature in emission scenario RCP8.5 (top-most thick yellow line) and 10th percentile 
temperature from emission scenario RCP2.6 (bottom-most thick green line) are used in the 
analysis. By taking these extremes, this method excludes outliers, captures a wide range of 
uncertainty associated with current climate information and minimises the number of scenarios 
that need to be analysed. This approach is useful in a developing country policy context, as 
appraisals are often completed in short timeframes without overcomplicated analysis. 
 

Scenarios 
Relative Change in 

Temperature 

2050 2100 

1 ï RCP2.6, lowest projection 0% 0% 

2 ï RCP8.5, highest projection +11.84% +28.95% 

Table 2: Projected temperature change (relative) for Kigali in emissions scenarios RCP2.6 (10th percentile) 
and RCP8.5 (90th percentile) (Source: WHO, 2015). 
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The temperature projections in 2050 and 2100 are compared to the (smoothed) observed 
temperature in Kigali in 2016 (thick blue line). The relative change in temperature is used so that 
projections can be calibrated to different project locations at different altitudes relative to Kigali. 
The temperature projections in each scenario are linearly interpolated between 2016-2050-
2100, so that the suitability of temperature for growing tea and coffee can be estimated for all 
future years. Table 2 shows the two scenarios used for the temperature. 
 
From Table 2, it is clear that Scenario 1 is the same as a ñno climate changeò scenario; the 
mean annual temperature is projected to remain the same by 2050 and 2100 when compared 
to the mean annual temperature in 2016. However, the mean annual temperature in Scenario 2 
is projected to increase 11.84% by 2050 and 28.95% by 2100. 
 
It should be noted that the change in mean temperature could be higher or lower than shown in 
these scenarios. However, the temperature scenarios characterised here capture the extremes 
of the climate information available today in order to measure the full range of uncertainty about 
how the future climate might change.  

Rainfall 

 
The WHO Country Profile for Rwanda does not provide mean annual precipitation projections 
(WHO, 2015). In addition, the range of projections for rainfall is extremely wide (Table 1) and 
the interactions between rainfall and tea and coffee output are not well documented. Therefore, 
this case study assumes that the direction and magnitude of change for mean annual 
precipitation is fully uncertain i.e. not known. Instead, the case study assesses how the seasonal 
distribution rainfall is expected to change as a result of climate change, and what impact this 
might have for tea and coffee production.  
  

Figure 3: Total monthly rainfall projections between 2040 and 2060 for emissions scenarios RCP4.5 
(3a, top) and RCP8.5 (3b, bottom) (Source: Climate Information Portal, 2016). 
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Using the Climate Information Portal (2016), projected changes in distribution of monthly rainfall 
are analysed. Figures 3a and 3b show projected changes in total monthly rainfall (mm) for a 
medium (RCP4.5) and high (RCP8.5) emission scenario across 10 GCMs. The uncertainty 
about the direction and magnitude of change in total rainfall is still clear at a monthly scale; the 
model range for some months covers both an increase (blue bars) and a decrease (red bars). 
However, the projections seem to indicate an increase in rainfall during the two rainy seasons 
(March-April-May and September-October-November-December) and that the dry season may 
become longer and more pronounced by the middle of the 21st century. These signals extend to 
the end of the century. (Climate Information Portal, 2016)  
 
These projections suggest Rwandaôs rainy seasons may become shorter and more intense, with 
a longer and more pronounced dry season. This may be explained by the physical relationship 
between temperatures and atmospheric moisture content; as temperature increases, the 
atmosphere can hold more water vapour, which may cause more intense rainfall (IPCC, 2007). 
However, translating these changes to impacts on crop production is difficult due to the 
variability in incidence, frequency and magnitude of extreme rainfall events. Therefore, this case 
study uses the temperature scenarios defined by WHO projections to consider changes in 
rainfall distribution.    
 
Using the temperature scenarios, Scenario 1 (RCP2.6, 10th percentile) assumes temperature 
will remain the same by 2050 and 2100. For simplicity, monthly rainfall distribution is also 
projected to remain constant in Scenario 1. However, Scenario 2 (RCP8.5, 90th percentile) 
assumes temperature will significantly increase by 2050 and 2100. Therefore, the seasonal 
distribution of rainfall is likely to become increasingly polarized in Scenario 2. As a result, the 
damage to crops from soil erosion, landslides and floods is likely to increase in Scenario 2. The 
climate projections used in this case study capture this effect through an annual yield loss (soil 
erosion) parameter. The calibration of this parameter is discussed in the Climate Suitability 
Function section, and the projected change of this parameter for the two climate scenarios is 
shown in Table 3. These projections are linearly interpolated between 2016-2050-2100 to create 
annual yield loss parameters for each year in the model. The projections provide conservative 
estimates of how the rate of soil erosion might change as a result of changing seasonal 
distributions of rainfall distribution in the two climate scenarios.  
 
 
 
 

 
 

 

Table 3: Annual yield loss projections as a result of changing seasonal distributions of rainfall 
(Sources: Climate Information Portal, 2016; IPCC, 2007) 

 
The long-term suitability of future climate for growing tea and coffee can be captured by the 
above annual temperature and rainfall projections (Tables 2 and 3). However ñshocksò from 
extreme weather events, such as floods and landslides, and pest and disease outbreaks are 
difficult to model. This is due to the lack of information on hectares at risk (incidence), the 
frequency of these events (probability) and their severity (yield/quality impacts). Therefore, such 
events have been excluded from the analysis. However, it should be noted that this might 
positively skew the returns for the project. 

2050 2100

м ς w/tнΦсΣ ƭƻǿŜǎǘ ǇǊƻƧŜŎǘƛƻƴ0% 0%

н ς w/tуΦрΣ ƘƛƎƘŜǎǘ ǇǊƻƧŜŎǘƛƻƴ10% 20%

Scenarios
Annual yield loss 
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2.2  Climate Suitability Functions  
 
This case study develops climate suitability functions for both tea and coffee. These have been 
developed through a literature review and expert consultation. The functions translate changes 
in the projected future climate to effects on tea and coffee production. The output for each crop 
is defined in two ways: yield (quantity) and quality (price). Both yield and quality are determined 
by a number of factors, including climate, soil type, nutrient and water availability, vegetative 
cover, cultivar, and management (Ahmed et al., 2010, 2012, 2013; Lin et al. 2003). Moreover, 
there are trade-offs between yield and quality in tea and coffee production; the slower a crop 
matures, the lower its yield and the higher its quality. Both temperature and rainfall effect the 
rate of maturation and the amount of nutrients each crop is able to process, and subsequently 
their yield and price1. The climate suitability functions therefore use temperature and rainfall to 
define the yield and price output for each crop in a given scenario. 
The climate suitability functions developed in this case study attempt to isolate the impact of 
climate on the tea and coffeesô yield and quality. They do so by defining tea and coffee yield and 
price relationships with temperature and rainfall.  

Temperature 
 
Temperature affects the growth rate and quality of tea and coffee (Ahmed et al., 2014; DaMatta, 
2006; FAO, 2015; Gay et al., 2006; Läderach et al., 2011). Within certain temperature 
thresholds, higher temperatures are usually associated with higher yield and lower quality. This 
reflects the trade-off between price and quantity. Outside of these temperature thresholds, crop 
production is assumed to be zero (no yield). For both tea and coffee, normalised yield-
temperature and price-temperature functions have been developed. They are normalised so 
that they can be calibrated to different growing locations with varying yields, prices and 
temperatures. 

Tea: Yield-Temperature 

 
Tea can be grown between 12oC and 30oC, providing there are no other limiting factors (nutrients 
and water), with an optimum yield temperature of 19.2oC (FAO, 2015). Outside of this range, 
the yield-temperature suitability function assumes yield is zero. Within this range, the function 
defines yields at different temperatures as a proportion of yield at the optimal temperature (Table 
4 and Figure 4a). The gradient of the function around the optimum is taken from the FAO (2015). 
From 14oC to 19oC it is assumed the yield increases by 3.19pp of the optimal yield for every 
+1oC and beyond 19.2oC the yield decreases by 3.19pp of the optimal yield for every +1oC (FAO, 
2015).  
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4: Suitability of temperature for tea yield (Source: FAO, 2015) 

 

                                                
1 This general trade-off between yield and quality for tea and coffee elicited through correspondence with 
climate-coffee expert, Peter Baker (2016). 

Temperature (C)
Climate 

Suitability

% of Max 

Yield

< 12 Not suitable 0%

мн ς мп Marginal рл҈ ς уо҈

мп ς мфΦн
Increasingly 

optimal
уо҈ ς млл҈

19.2 Optimal 100%

мфΦн ς ол
Increasingly 

suboptimal
млл ς ст҈

> 30 Not suitable 0%
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As the function is normalised between 0 and 1, it can be calibrated to the temperatures and 
yields experienced at different tea plantations. Take, for example, a plantation with an average 
annual yield of 12,000kg per hectare per year that sits at an elevation between 1,800m and 
1,900 meters above sea level (masl). Given the current average annual temperature in Kigali 
(1,497m) is around 19.8oC (Figure 2), the temperature at the plantation can be estimated by 
subtracting a multiple of 0.65oC for every 100 meters above the Kigali met station i.e. 17.05oC. 
By inputting 12,000kg ha-1y-1 at 17.05 oC, the calibrated climate suitability function for this 
plantation is shown in Figure 4b.  

 
Figure 4: Normalised (4a, left) and calibrated (4b, right) temperature-yield function for tea (Source: 
FAO, 2015). 

Tea: Price-Temperature 

 
For the relationship between tea price and temperature, this case study analysed deflated 
weekly price data from the Mombasa tea auctions for each tea factory in Rwanda between 2007 
and 20162. Having adjusted for inflation and calculated current factory temperatures using the 
same method as above, a scatterplot for average price (USC/Kg) at different altitudes is shown 
in Figure 5a. 
 
A logarithmic trend line is fitted to the scatterplot to avoid negative prices at higher temperatures. 
This relationship was used to estimate the function for green leaf prices received by farmers at 
different temperatures. A weight conversion factor of 4.5kg of green leaf for every 1kg of made 
tea, the green leaf price mechanism conversion factor of 40%3 and the USD:RWF exchange 
rate4 were all used to convert the data into green leaf prices received by farmers. It is assumed 
the maximum price could be achieved at the lower temperature threshold (12oC). The resulting 
(normalised) price-temperature suitability function shows the price farmers receive per kilogram 
of green leaf at each temperature, as a proportion of the maximum price (figure 5b). This function 
can be calibrated to specific project locations in the same way as the tea yield-temperature 
suitability function. 

 
Figure 5: Price-temperature scatterplot for made tea (5a, left)2 and normalised green leaf price-
temperature function (5b, right)3,4. 

                                                
2 Weekly price data extracted by Combrok Tea Brokers Ltd. from Mombasa tea auctions database (06.6.16). 
3 Green leaf price document for January to March 2016 provided by the NAEB (21.03.16). 
4 Exchange rate data extracted from National Bank of Rwanda (06.09.16). 
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Coffee: Yield- and Price-Temperature 

 
Arabica coffee can be grown between 15oC and 30oC providing there are no other limiting factors 
e.g. nutrients and water (Ngabitsinze et al., 2011). However, this range represents the absolute 
limits and is not suitable for applying to mean annual temperature projections. This is due to 
variability around the mean; a mean temperature of 15oC would be below 15oC for 50% of the 
time on average, and a mean temperature of 30oC would be higher than 30oC for 50% of the 
time on average. Therefore, a more constrained range is needed for mean annual temperature 
suitability.  
 

Pereira et al. (2008) suggest Arabica coffee can be grown between mean annual temperature 
ranges of 17oC and 24oC in Brazil. Arabica can withstand temperatures outside this range, but 
only for certain phonological stages and providing there are no other limiting factors (Teixeria et 
al., 2014; Morais et al., 2006). In addition, Camargo (1985) states that above 23oC ripening 
accelerates, whilst a number of authors find the rates growth might decline above 24oC as a 
result of the effects highlighted in Table 5.  
 
 
 
 

 
 
 
 
 
 
 
 

 
Table 5: Effect of different temperature ranges on coffee trees at various phonological stages. 

 
From this evidence, a ñnear-optimalò yield range of 18oC to 24oC (mean annual) is defined in 
this case study, with yield increasing up to the optimal 24oC. The mean annual temperature is 
assumed to be suboptimal for yield between 16oC and 18oC, and marginal between 15oC - 16oC 
and 24oC - 30oC. This is shown in Table 6 and Figure 6a. 
 
The price received by farmers for coffee cherries (RWF/kg) is assumed to be highest at the 
lower yield-temperature bound (15oC), and decrease as temperatures increase. This reflects the 
trade-off between the rate of berry maturation and quality for increasing temperatures. The rate 
at which the coffee cherry price falls is modelled to increases beyond 23oC as suggested by 
Camargo (1985). This is shown in Figure 6b. 
 
 
 
 
 
 
 
 
 

 
 

Table 6: Climate suitability function of temperature-yield for coffee. 

 

                                                
5 Papers cited in unpublished literature review by coffee-climate expert Peter Baker (2016). 

Temperature 
(C) 

Effects 

> 23 Ripening accelerates, loss of quality (Camargo, 1985) 

> 24 - 25 
Photosynthesis and carbon assimilation reduced (Nunes 
et al., 1968; Wilson, 1985; Descroix & Snoeck, 2004) 

> 29 - 30 Soil temp at which feeder roots die (Franco and Munns, 
1982) 

> 30 
Growth depression, increasing leaf, stem and flower 
abnormalities (DaMatta, 2004; Descroix & Snoeck, 2004) 

> 34 Rapid flower aberration (Laffe et al., 1968, 20035) 

Temperature (C) Climate Suitability % of Max Yield 

< 15 Not suitable 0% 

15 ï 16 Marginal 0% - 75% 

16 ï 18 Suboptimal 75% - 95% 

18 ï 24 Near-optimal  95% - 100% 

24  Optimal 100 % 

24 - 30 Marginal 100% - 0% 

>30 Not suitable 0% 
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Figure 6: Coffee climate suitability functions for temperature-yield (6a, left) and temperature-price 
(6b, right). 

 
These functions should be treated with caution as the majority of evidence used in their 
development is from plantations in South America. Moreover, the coffee price-temperature 
function is not based on an evaluation of price data, unlike the tea price-temperature function. 
However, all the climate-suitability functions are based on the best available evidence and are 
relatively easy to interpret.  

Rainfall 
 
Tea bushes require at least 1,200mm of rainfall per year. Ahmed et al. (2014) find higher levels 
of rainfall are associated with higher yields and lower quality tea during the Chinese monsoon 
season. This provides further evidence for the trade-off between yield and quality in tea as a 
result of varying climatic conditions. Despite these findings, quantifying the direct relationship 
between rainfall and tea yield and price is more difficult than temperature. Similarly, despite 
evidence suggesting that coffee trees require at least 125mm rainfall per month (Jaramillo, 
2005), there is very little quantitative evidence of the direct impact rainfall has on coffee yield 
and price. 
 
As a proxy for the indirect impact of rainfall on tea and coffee production, this study uses the 
annual yield loss parameter outlined in the previous section (Climate Scenarios: Projections - 
Rainfall). This parameter accounts for the yield loss each year as a result of soil erosion. A 
review on soil erosion literature was carried out in order to calibrate this parameter.  
 

Table 7: Soil erosion rates in Rwanda based on GIS modelling (Source: UNEP, 2011) 

 
The rate of soil erosion depends on a number of factors, including the amount of vegetation, soil 
structure and topography of a plantation (Daba, 2002). The World Bank (2002) reports soil 
losses of 35 to 246 tonnes per hectare each year. The United Nations Environment Programme 
(UNEP, 2011) updated these finding in 2011 (Table 7), categorising the total surface area in 
Rwanda into different soil erosion rate bands using GIS modelling.  
 
Despite this evidence, translating the loss of soil erosion in tonnes into changes in yield or quality 
for tea and coffee is problematic. The World Bank (2002) estimates cereal and tuber crops loose 
0.167% and 1.167% of yield respectively each year in Rwanda as a result of soil erosion. 
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However, no estimates for tea and coffee have been found. Therefore, the lower bound of the 
World Bank estimates (0.167%) is used as a conservative estimate for yield loss per annum is 
used in this study. This is the baseline (2016) rate at which yield declines year-on-year for tea 
and coffee. 
 
In scenario 1, the seasonal distribution of rainfall distribution is assumed to remain constant as 
temperatures remain unchanged. The annual yield loss as a result of soil erosion is therefore 
assumed to remain the same for all future years at 0.167% (Figure 7). In scenario 2, the 
seasonal distribution of rainfall is expected to change, leading to a year-on-year increase in the 
rate of soil erosion (Table 3). As a result, the annual yield loss as a result of soil erosion is 
modelled to increase 10% by 2050 and 20% by 2100 (Figure 7).  
 
 

Figure 7: Annual yield loss parameter in Scenarios 1 (RCP2.6) and 2 (RCP8.5) 

 

2.3 Plantation models 

Financial model 
 
For both tea and coffee, the financial models have been established in a two-fold process. 
Firstly, an input and output model for a 1 hectare plantation has been developed which captures 
the investment, operating and management costs, and the benefits in terms of average annual 
yield and price. This is the engine of the model. It can be calibrated to specific plantations using 
price, productivity and climate data. This  model can be scaled up to represent the size in 
hectares of different project locations, which allows to the study to assess the business as usual 
(BAU) plantations without any interventions from the project.  
 
Secondly, the BAU plantation models are tested in the different climate scenarios (Tables 2 and 
3). The impact of the climate scenarios on the cropsô outputs (and inputs) is driven by the 
changes in yield and price associated with different climatic conditions, which are defined by the 
climate suitability functions (previous section). This is the private financial model for tea and 
coffee plantations without any intervention. The main financial input and output categories are 
shown in Tables 8 and 9. These values were attained through consultation with stakeholders in 
the Rwanda tea and coffee sectors, including the Government of Rwanda and the third sector.   
 
In the financial model land is assumed to have an economic life of 50 years (Wintgens 2009, 
cited in Bunn et al 2014; Republic of Rwanda, 2016a). Agricultural tools and materials are 
assumed to have an economic life of 1 to 10 years6. These assets are depreciated over their 
economic life and then incurred as a reinvestment cost once fully depreciated. No tax is included 
at the smallholder farm level as agricultural inputs and income from agricultural activities that is 
less than RWF 12m per year are exempt from tax (PWC, 2015).  

                                                
6 Economic life of agricultural assets taken from financial model for coffee provided by MINAGRI (25.04.16), and 
quality assured by consulting Sustainable Harvest agronomists (08.09.16). 
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Inputs Year(s) Private costs 

Establishment Costs   

Land acquisition (50 year lifetime)  

Tools and equipment (1-10 year lifetime) 

Nursery establishment  

Seedling preparation 

Plantation preparation 

Transplanting seedlings and fertiliser 

De-centering 

1 

1 

1 

1 

1 

1 

2 

2,600,000 RWF 

225,267 RWF 

235,933 RWF 

320,264 RWF 

1,020,100 RWF 

866,762 RWF 

3,600,000 RWF 

Operation and Maintenance   

Nursery maintenance and infilling 

Fertiliser purchase and application 

Weeding (manual) 

Maintenance of anti-erosion/drainage ditches 

Pruning, skiffing and tipping 

Plucking labour 

Transport to factory 

2+ 

2+ 

2+ 

2+ 

4+ 

3+ 

3+ 

6,408 ς 64,076 RWF 

135,548 ς 314,119 RWF 

1,650 ς 16,500 RWF 

22,500 RWF 

36,870 RWF 

35 RWF/kg 

10 RWF/kg 

Outputs Year(s) Private benefits 

Revenues from green leaf payments  3+ 100 ς 250 RWF/kg 

Table 8: 1 hectare financial input and output model for smallholder tea plantation (13,889 bushes) 

 
Table 9: 1hectare financial input and output model for smallholder coffee plantation (2,500 trees)   

Inputs Year(s) Private costs 

Establishment Costs   

Land acquisition (50 year lifetime) 

Tools and equipment (1-10 year lifetime) 

Nursery establishment  

Seedling preparation 

Plantation preparation 

Transplanting seedlings and fertiliser 

Formative prune 

1 

1 

1 

1 

1 

1 

2 

2,600,000 RWF 

303,000 RWF 

80,950 RWF 

199,750 RWF 

856,500 RWF 

875,000 RWF 

648,000 RWF 

Operation and Maintenance (annual)   

Nursery maintenance and infilling 

Fertiliser purchase and application 

Pesticide/fungicide purchase and application 

Weeding (manual) 

Maintenance of anti-erosion/drainage ditches 

Pruning  

Cherry picking 

Transport to washing station 

2+ 

2+ 

2+ 

2+ 

2+ 

3+ 

3+ 

3+ 

3,865 ς 38,650 RWF 

330,000 RWF 

50,000 RWF 

75,000 RWF 

22,500 RWF 

30,000 RWF 

10 RWF/kg 

10 RWF/kg 

Outputs Year(s) Private benefits 

Revenues from coffee cherry payments  3+ 100 ς 300 RWF/kg 


































































































































































































































































