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1. Introduction

In the last decade, Rwanda has made important ad-
vances in reducing poverty (from 58.9% to 38.2% between 
2000 to 2017) and inequality while enhancing productivity 
and economic growth [1, 2]. Nonetheless, with the highest 
population density in Africa and its population projected 
to double by 2050, the challenge of sustainable devel-
opment with increasing pressures on Rwanda’s natural 
capital base poses formidable challenges. For instance, 
ecosystem services such as erosion mitigation, climate 
change mitigation and water provisioning services de-
clined substantially from 1990 to 2015, with the largest 
declines occurring from 1990 to 2000 and 2010 to 2015 
[3, 4]. To address these challenges, Rwanda has made a 
strong commitment to green growth, which is embodied 
in its Green Growth Strategy [5]. 

Green growth operationalizes the concept of sus-
tainable development and is defined as growth that is 
efficient, clean and resilient; to address social dimensions 
of sustainable development, it should be inclusive [6]. By 
2035, Rwanda aims to move from a subsistence agricultur-
al economy to a knowledge-based economy and achieve 
middle-income status. Various planning tools guide this 
transformation including its Green Growth Strategy, Vision 
2020 (with a transition toward the new Vision 2050), the 
Economic Development and Poverty Reduction Strategy, 
The National Strategy for Transformation, and Rwanda’s 
commitment to the Sustainable Development Goals. The 
forestry and agricultural sectors are critical to this trans-
formation for their role in supplying ecosystem services in 
the form of food, fuel and fiber, as well as through climate 
change mitigation.

With Rwanda’s limited land base of 26,338 km² 
and increasing population pressure, the spatial configu-
ration and dynamics of ecosystem services supply with 
respect to the location of beneficiaries requires careful 
consideration in the planning and implementation of eco-
nomic development strategies [4]. Frequently, this spatial 
planning occurs either in a top-down manner or through 
participatory scenario development and analysis [7]. 
These approaches suffer from three main limitations: (i) 
scenario design and land allocation decisions typically lack 
a theoretical (e.g. economic) foundation; (ii) while these 
methods enable estimation of changes in ecosystem ser-
vice supply, the economic consequences of these decisions 
elude these approaches, and; (iii) scenarios are usually 
based around notions of sustainability versus unchecked 
development that lack the specificity required for real pol-
icy and decision making. These economic considerations 
are critical to Ministries of Economics, Finance and Plan-
ning to inform allocation of scarce government budgets 
and revenue projections. This policy brief addresses this 
critical gap and develops an innovative methodology for 
development planning by integrating economic, environ-
mental and ecosystem service models to inform decisions 
on the allocation of scarce resources to achieve complex 
development goals.  

We develop an Integrated Economic-Environmental 
Modeling (IEEM) Platform for Rwanda [8-10] calibrated 
with the country’s recently published natural capital ac-
counts [4, 11, 12] and ecosystem service models (ESM) to 
explore the economic and environmental impacts of spe-
cific actions toward achieving green growth. 

PREAMBLE: Development of an Integrated Economic-Environmental Modeling and Ecosystem Services (IEEM+ESM) 
Platform and its application to policy analysis is an intra-disciplinary pursuit. Beginning in 2016, the IEEM Team 
participated in a Science for Nature and People Partnership (SNAPP) which funds the creation of enabling conditions 
for multidisciplinary teams to convene around a specific global challenge at the intersection of conservation and human 
well-being. This Policy Brief describes one of the key outputs of a SNAPP-funded collaboration: the development of 
an IEEM Platform for Rwanda and its application to green growth strategies to enhance economic development and 
well-being.
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2. Fuel, Timber and Food 
Provisioning Ecosystem 
Services

2.1 Fuel and Timber

The forestry sector is critical to Rwandan livelihoods 
for the ecosystem services it provides and as the country’s 
primary energy source (86% of total energy consump-
tion). Landsat-derived land cover for 2015 estimated that 
17.1% of Rwanda was  forested [11]. This, however, contrasts 
with data from the Rwanda Ministry of Natural Resourc-
es (MINIRENA), which estimated forest cover at 28.8% of 
Rwanda, just over a third of which is natural forest with 
the remainder as forest plantations [13]. Forest planta-
tions supply most of the fuelwood and timber used in the 
country and help offset pressures on natural forests [14]. 
With 29.5% of households connected to the electrical grid 
in 2017 [15], Rwanda’s dependency on biomass for ener-
gy is not surprising. In 2016/2017, 97% of Rwandan homes 
used biomass as their main cooking fuel, with 79.9% us-
ing firewood and 17.4% using charcoal [16]. Fuelwood and 
charcoal demand is the main driver of deforestation in 
Rwanda [17]. In a business-as-usual scenario, fuelwood 
demand in 2020 is projected to reach 5.7 million tons [18]. 

To reduce pressure on natural forests and emissions 
from fuelwood and charcoal consumption, it is necessary 
to both expand forest plantations while increasing the 
use efficiency of fuelwood and charcoal. Rwanda’s Green 
Growth and Climate Resilience Strategy and Economic 
Development and Poverty Reduction Strategy II (Republic 
of Rwanda, 2011) target the enhancement of fuelwood and 
charcoal consumption efficiency through more efficient 
cookstoves and charcoal kilns, while at the same time ex-
panding forest plantations, renewing older plantations, 
and promoting agroforestry for the provision of multiple 
ecosystem services. 

We focus on two specific measures of Rwanda’s 
Green Growth Strategy aimed at achieving timber and 
fuel security, which are to: (i) increase forest cover to 30% 

of the total land area with forest plantations and increase 
agroforestry to 85% of all cultivated areas, and; (ii) support 
the adoption of more efficient cookstoves and charcoal 
kilns. Specifically, we simulate an increase in forest plan-
tations by 110,400 ha by 2035 above the forest plantation 
coverage of 193,406 ha in 2014. In addition, agroforestry is 
implemented on 975,084 ha. Regarding energy efficiency, 
more efficient cookstoves and charcoal kilns are estimated 
to result in a 25% efficiency gain plus substantial health 
benefits from reduced fuelwood emissions within house-
holds [10, 17, 19, 20]. The total cost of achieving these 
targets is US$285,581,699 over a 14-year period [14]. 
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2.2 Food and Food Security

Agriculture is the second largest component of 
Rwanda’s economy, averaging around 32% of GDP over 
the last two decades [21]. Rainfed, small-scale farming is 
responsible for most agricultural output, and the sector as 
a whole provides 80% of total employment. Vision 2020 
has set a number of targets for the agricultural sector, 
including 8.5% growth in total output while increasing ef-
ficiency and reducing employment in agriculture to 50% 
nationally, thereby freeing up workers for employment in 
other sectors of the economy. 

In parallel, a key goal for the Government of Rwan-
da is to become food secure; in the next 5 years, it aims 
to achieve food security for 90% of the Rwandan popu-
lation. To do so, the Government is focusing on increasing 
the productivity of staple crops by up to 28% through im-
proved agricultural practices [22]. These practices include 
increasing soil conservation infrastructure with progressive 
and bench terraces, expanding irrigated agriculture from 
the current 28,796 ha to 94,269 ha (including 42,500 of 
irrigation in marshlands), and rehabilitating 20,000 ha of 

irrigation infrastructure. Irrigation opens up the possibility 
of planting more than one crop in the same year, increases 
resilience to weather variability and climate change, and 
can improve crop quality, timing and thus profitability. 

Another line of action for meeting the food security 
target is to increase levels of organic and inorganic fertil-
izer application. In the short run, the Government plans 
to provide incentives for doubling inorganic fertilizer use 
from 20 to 45 kg/ha/yr [22, 23]. Fertilizer application is on 
the rise in Rwanda with application rates in the country’s 
Crop Intensification Programme reaching 29 kg/ha/year in 
2011/12, compared to an average of 4.2 kg/ha/year from 
1998 to 2005. This has increased crop yields, especially 
for maize and wheat. Maize yields have more than tripled 
while wheat yields have increased by 2.5 times during the 
same period [23]. 

We focus on two specific measures of Rwanda’s 
Green Growth Strategy aimed at achieving food security: 
to rehabilitate and expand irrigation areas and increase 
fertilizer use to 45 kg/ha/yr. The investment cost for 
achieving these targets is estimated at US$972.5 million. 
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3. Methodology: 
The IEEM+ESM Approach

The Integrated Economic-Environmental Model-
ling (IEEM) Platform was developed to fill an important 
gap in the economic development literature and practi-
tioner’s toolbox. At the core of IEEM is a future-looking 
computable general equilibrium (CGE) framework that 
enables the analysis of public policies and investments 
on standard economic indicators such as GDP, income 
and employment, but also on wealth and natural capital 
stocks, all in a quantitative, comprehensive and consistent 
framework. Indeed, IEEM generates indicators that enable 
countries to quantitatively assess alternative strategies to 
achieving green growth targets and sustainable economic 
development. 

The IEEM Platform’s main innovations include: (i) 
integration of rich environmental data based on the Sys-
tem of Environmental-Economic Accounting Central 
Framework [24] into an economy-wide model; (ii) IEEM’s 
environmental modeling modules that capture the specific 
dynamics of each environmental asset. For example, the 
forest sector behaves very differently from a convention-
al manufacturing sector, where forests grow, and can be 
harvested, deforested, degraded or improved, all legally 
or illegally; and (iii) IEEM indicators that go beyond mea-
sures of income flows such as GDP to reflect impacts on 
the three dimensions of sustainable development, namely 
the economy, society and the environment, which are em-
bodied in the concept of wealth [25-27]. 

We advance the IEEM Platform by integrating it with 
spatially explicit ecosystem service modeling (IEEM+ESM) 

to capture impacts on ecosystem services for which in 
many cases, markets do not yet exist. Many regulating 
ecosystem services (e.g., soil erosion and nutrient regu-
lation, flood regulation, and natural pest control) provide 
benefits to people, though due to missing markets they 
lack a market price [28]. Where these services are not 
quantified or valued, they are most often not taken into 
account in decision making. 

The incorporation of ecosystem services in IEEM+ESM 
responds to strong demand from policy and decision mak-
ers who are concerned with understanding the impacts of 
policy on these increasingly scarce nonmarket ecosystem 
services [29], many of which make critical contributions 
toward green growth. Furthermore, it is critical to under-
stand the spatial dynamics of policy making on ecosystem 
services to enable development planning, particularly 
when land constraints are significant.  

In the IEEM+ESM workflow (figure 1), a baseline 
(policy status quo) and set of policy scenarios are im-
plemented in IEEM and results are generated in terms of 
economic impacts as well as LULC change for each sce-
nario and period of analysis. LULC changes are the result 
of policy impacts on demand for different types of land, 
including agriculture, rangeland, managed natural forests 
and forest plantations. Based on IEEM results, new LULC 
maps for each scenario and period are developed. 

Next, ecosystem service models are parameterized 
and run using various data sources, including LULC maps 
for current conditions and subsequent scenarios and pe-
riods for which IEEM was run. In this policy brief, our ESM 
focuses on climate change mitigation through carbon 
storage, water provisioning services quantified as annual 

FIGURE 1. Integrated Economic-Environmental Modelling + Ecosystem Service Modeling (IEEM+ESM) workflow. 
ES: Ecosystem services; LULC: Land use-land cover.

Policy question Develop and
calibrate IEEM

Run BASE+
scenarios in

IEEM

Develop LULC
model, LULC

maps

Develop and
run ES models

Source: Authors’ own elaboration.
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water yield, quick flow and local recharge, erosion mitiga-
tion in terms of sediment retention and export, and soil 
fertility maintenance quantified as nitrogen and phospho-
rus load, export, and retention.

3.1 An IEEM Platform for Rwanda

The IEEM Platform’s core is a dynamic CGE mod-
el, calibrated with data based on national data from the 
System of National Accounts [30] and the System of 
Environmental-Economic Accounts Central Framework 
(SEEA) [24]. CGE models are considered the ‘work horse’ 
of policy analysis [31] and indeed offer the only robust 
means of exploring policies that can have a wide reach-
ing impact on multiple sectors of the economy [32-35]. 
With its integration of rich environmental data organized 
under the SEEA, IEEM lessens the need to make strong 
assumptions in reconciling environmental and economic 
data, reduces analytical start-up costs and increases the 
timeliness of evidence-based policy advice [9]. 

Figure 2 shows how environment-economy inter-
actions are modeled within IEEM. On the left side of the 
figure, the environment is quantified using the SEEA, 
namely mineral and energy, land, soil, timber, fisheries and 
water accounts. On the right side of the figure is the econ-
omy, represented by firms that use labor, capital and other 
factors of production, and intermediate inputs to produce 
goods and services that are consumed by households, 
the government and exports markets. IEEM captures the 
two-way interactions between the economy and the en-
vironment, with the environment serving as an input for 
productive processes in the form of provisioning ecosys-
tem services. Through economic activity and household 
consumption of goods and services, emissions and waste 
are generated and returned to the environment. 

To calibrate IEEM, we constructed a Social Account-
ing Matrix (SAM) for Rwanda with a base year of 2014 
[36-39]. IEEM has a modular structure whereby it can be 
calibrated with one or more natural capital accounts as 
they become available; we calibrated IEEM with Rwanda’s 

FIGURE 2. Environment-economy interactions embodied in IEEM.

Source: Authors’ own elaboration.
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new land and water accounts [11, 12]. Once IEEM has been 
calibrated, scenarios are designed and described quantita-
tively to evaluate public policy and investment alternatives. 
We developed a baseline (BASE) and five groups of policy 
scenarios simulating the expansion of forest plantations 
(FOR1 and FOR2), enhanced fuelwood efficiency (FUEL), 
irrigated agricultural expansion (IRRIG), crop fertilization 
(FERT), and the combined impacts of forest plantations, 
irrigated agricultural expansion and fertilization (COMBI1 
and COMBI2). 

3.2 Description of IEEM Scenarios

We implemented the following scenarios in IEEM:
BASE: The ‘BASE’ scenario is the baseline, busi-

ness-as-usual scenario that projects current trends 
in the Rwandan economy forward from 2014 to 
2035. BASE is the reference scenario to which all 
other scenarios are compared. 

FOR1: The FOR1 scenario simulates an increase in the area 
of forest plantations of 110,400 ha above the BASE 
in 2035. Competition between land uses is account-
ed for.

FOR2: As in FOR1, the area of forest plantations in FOR2 
is 110,400 ha greater than in BASE in 2035, with the 
difference being there is no competition between 
land uses.

FUEL: This scenario simulates the introduction of more 
efficient household cookstoves and charcoal kilns, 
which reduce fuelwood demand and improve 
household health by reducing exposure to smoke 
and particulates. Gains are modeled through a 25% 
increase in household fuelwood consumption effi-
ciency [14] and a rural labor productivity increase 
[40-42] arising from better health. 

IRRIG: In IRRIG, 85,473 ha of farmland currently cultivat-
ed without irrigation or with irrigation infrastructure 
in disrepair are brought into irrigated agricultural 
production. Irrigation will increase yields and crop 
values given quality improvements and seasonality 
of irrigated crops. 

FERT: This scenario increases the area and quantity of fer-
tilizer applied to all cropland to 45 kg/ha/yr. 

COMBI1: This scenario is the joint implementation of FOR1, 
FUEL, IRRIG and FERT. 

COMBI2: This final scenario is the same as COMBI1 but 
does not account for urban expansion. 

3.3 Land Use-Land Cover Change Model

The LULC Change Model provides the linkage be-
tween IEEM and ESM. It is used to spatially allocate LULC 
change numerically estimated by IEEM for each scenario 
and time step across the landscape. The third step there-
fore in the IEEM+ESM workflow (figure 1) is to develop a 
national LULC Change Model. The LULC Change Model 
was developed using the ArcGIS Model Builder and has 
three overall stages: (i) development of a geographic in-
formation system (GIS) for Rwanda; (ii) preparation of 
the initial LULC data layer based on IEEM scenarios, and; 
(iii) distribution of LULC change based on IEEM outputs 
according to predefined decision criteria. At the core of 
our LULC Change Model are decision criteria or land use 
allocation rules for spatially assigning IEEM LULC change 
across the LULC data layer. In doing so, our approach 
follows similar principles as other LULC change models, 
for example the Conversion of Land Use and its Effects 
(CLUE) model [43-46]. 

The spatial data we used in developing the GIS for 
Rwanda includes the 2015 LULC map, a digital elevation 
model, hydrography, Rwanda’s Land Use Master Plan [47, 
48], protected areas, political/provincial boundaries, and 
road access. The 2015 LULC map is the starting point for 
allocating scenario-based LULC change (figure 3). This 
map was developed through the SERVIR initiative using 
Landsat 7/8 imagery with 30-meter resolution through su-
pervised classification. 

Once the LULC Change Model is developed, the 
first step is to generate the baseline LULC projection to 
the year 2035, in 5-year increments (2020, 2025, 2030, 
2035). Decision criteria for allocating LULC change in the 
BASE and in the scenarios were developed through expert 
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elicitation, including experts involved in implementing 
Rwanda’s Land Use Master Plan.

Figure 4 shows the designated areas for sustainable 
agriculture and forestry activities in the Land Use Master 
Plan. Areas eligible for sustainable forest plantations are 
generally sparsely distributed throughout the country. 
Much of the areas eligible for sustainable agriculture are 
located adjacent to Akagera National Park in the East-
ern Province, in the Southern Province and adjacent to 
Volcanoes National Park in the Northern and Western 
Provinces. Figure 4 also shows the baseline LULC projec-
tions in 5-year increments to 2035. 

3.4 Ecosystem Service Modeling

We used the Integrated Valuation of Ecosystem Ser-
vices Tradeoffs (InVEST) 3.3.3 modeling software [49] to 
quantify carbon storage, sediment regulation (sediment 

delivery ratio (SDR) model), nutrient regulation (nutrient 
delivery ratio (NDR) model), and annual and season-
al water yield in Rwanda for the year 2015 and in 5-year 
increments for BASE and the other seven scenarios. The 
scenarios substituted the following model inputs: (i) LULC 
data for the appropriate scenario and year; (ii) updat-
ed fertilizer application rates for the FERT and COMBI1/
COMBI2 scenarios for the NDR model, and; (iii) updated 
estimates of the effects of terracing on soil erosion for 
the SDR model. Because of the uncertainty surrounding 
investment in terracing, which plays a key role in reduc-
ing soil erosion, we modeled SDR for all scenarios using 
two different assumptions: an aggressive terracing pro-
gram proposed by Vision 2020, and a business-as-usual 
terracing program, which carried the observed terracing 
trends from 2010 to 2015 forward into future years. We 
used current precipitation and evapotranspiration data for 

FIGURE 3. Land use-land cover map for Rwanda, 2015.

Source: Regional Centre for Mapping of Resources for Development (RCMRD), Rwanda Land Cover 2015 
Scheme II
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all scenarios, i.e., we did not include the potential effects of 
climate change in our ecosystem service models.

To enhance modeling efficiency, we used Mapping 
Ecosystem Services to Human well-being (MESH) 0.9.0, 
a graphical user interface-based tool to batch process 
InVEST models [50]. We used MESH to model carbon 
storage, SDR, NDR, and annual water yield (a MESH-com-
patible model for seasonal water yield was not available). 
We conducted our analysis at a 30-meter spatial resolution. 

The InVEST annual water yield model uses the Bu-
dyko curve method to estimate actual evapotranspiration 
(AET), then subtracts AET from precipitation to estimate 
annual water yield. Its carbon storage model matches 
land cover to estimated carbon pools data using a look-
up table. The seasonal water yield model quantifies two 

metrics: quick flow (runoff during and immediately after 
storm events), estimated using the Curve Number meth-
od, and; local recharge, calculated by subtracting AET and 
quick flow from precipitation. The SDR model calculates 
sediment retention and export with the universal soil loss 
equation, which is paired with a connectivity index to 
estimate sediment export. Finally, the NDR model uses 
estimates of nitrogen and phosphorus loading and poten-
tial nutrient uptake by land cover type, combined with the 
same connectivity index used in the SDR model to quanti-
fy actual nutrient uptake and export [49].

We summarized final results for all ecosystem ser-
vice models at the national scale and for Rwanda’s five 
provinces using ArcGIS.

FIGURE 4. Rwanda Land Use Master Plan areas and conversion to agriculture and livestock in 
the baseline 5-year increments from 2020 to 2035. 

 
Source: IEEM+ESM Platform results.
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4. Results

4.1 Economic Impacts

Table 1 presents scenario impacts on macroindicators 
for the Rwandan economy expressed as the difference from 
the BASE in 2035. FOR1 has a relatively small impact on GDP 
(US$28 million) when compared with the other scenarios 
while FERT makes the greatest individual contribution to 
all indicators. FOR1 also shows a small negative impact on 
private consumption, fixed investment as well as genuine 
savings. Increasing fertilization boosts GDP and genuine 
savings by US$2,781 and US$713 million, respectively. The 
joint impact of all scenarios represented by COMBI gener-
ates the largest gains with a US$3,591 million boost to GDP 
and a US$763 million increase in genuine savings. 

Evaluating time trends through to 2035, the FERT 
and COMBI scenarios show considerably greater GDP 
(Figure 5, Panel A) and genuine savings impacts (Panel B) 
and a strong reduction in poverty (Panel C). FOR1 shows a 
small (0.1%) increase in poverty by 2035. 

Table 2 summarizes results in terms percent differ-
ence from the BASE in 2035. All scenarios result in faster 
export growth, from 0.8% in IRRIG, to 16.4% in COMBI1, 
which is heavily driven by the FERT component. Imports 
are less responsive with changes ranging from 0.1% in IR-
RIG to 5.7% in COMBI1. Scenarios result in faster private 
investment growth, up to 6.77% in COMBI1, and greater 

indirect government tax revenues across scenarios (9.8% 
in COMBI1). FERT causes a 7.0% appreciation of the real 
exchange rate. Wages grow in the case of IRRIG and most 
markedly in FERT (11.0%). Unemployment increases by 
2.2% in FOR1, by 1.3% in FUEL and less in FOR1 (0.3%). The 
FERT scenario is strongly poverty reducing, by 17.5% in 
FERT.

Table 2 also reports sector activity, showing Agricul-
tural activity growing across scenarios with the exception 
of FOR1, but growing by 23.6% in FERT. Livestock activity 
is stimulated with the exception of FOR1, growing by 8.7% 
in FERT and 7.7% in COMBI1. Forestry activity registers 
positively in FOR1 and FOR2 increasing by 2.6% and 2.2%, 
respectively, though declining in FUEL by 3.3%. On balance, 
the Forestry sector grows faster, by 2.2% in COMBI1. Man-
ufacturing is positively impacted, up to 9.4% in FERT, as 
is the Services sector with an increase of 6.4% in COMBI1. 

4.2. Natural Capital Impacts

Rwanda’s natural capital accounts provide data on 
forest cover, land and water [11, 12]. In FOR1, agricultural 
and livestock land use decline by 25,377 ha and 2,284 ha, 
respectively while forest land use increases by 110,400 
ha to meet the forest cover target, all in relation to BASE. 
FUEL land use changes little in relation to the BASE while 
in IRRIG, agricultural land use falls by 803 ha while live-
stock use increases by 828 ha. FERT land-use changes are 

TABLE 1. Difference in macroeconomic indicators for baseline versus scenarios for 2035; millions of 2014 USD.

FOR1 FOR2 FUEL IRRIG FERT COMBI

Absorption  (25)  92  490  185  2,653  3,312 

Private consumption  (5)  79  479  141  2,121  2,744 

Fixed investment  (20)  12  11  44  532  567 

Exports  72  47  165  43  596  886 

Imports  19  22  94  13  467  607 

GDP  28  116  561  215  2,781  3,591 

Genuine savings  (34)  11  27  73  713  763 

Source: IEEM+ESM Platform results. 
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more pronounced, with a 10,039 ha decline in agricultural 
land use in relation to BASE while livestock land use in-
creases by 10,376 ha (with no difference in forest land use). 
Finally, the COMBI scenarios result in a 35,836 ha decline in 
agricultural land use, a 8,593 ha increase in livestock and  
the target 110,400 ha increase in forest cover with respect 
to BASE. Table 2 reports these changes in land use as the 
percent difference from the BASE in 2035. 

Water consumption increases markedly in the FERT 
and COMBI scenarios by over 7.23 and 7.20 million m3, 
respectively.  There was reduced water consumption in 
FOR1 and FUEL (197,252 and 216,860 m3, respectively) and 
slightly increased water consumption in FOR2 and IRRIG 
(250,663 and 503,455 m3, respectively). Table 2 reports 

these changes in water consumption as the percent differ-
ence from the BASE in 2035.

4.3 Ecosystem Services Impacts

For carbon storage and water yield models that are driv-
en by LULC change only, two groups of scenario results for 
2015 to 2035 emerged–the FOR and COMBI scenarios that 
lead to increased carbon storage and slightly reduced water 
yield, and BASE, FERT, FUEL, and IRRIG, which had opposite 
trends (Figure 6 and 8). In the FOR and COMBI scenarios, 
quick flow was reduced, which typically benefits water 
quality, while local recharge, which is critical for maintaining 
dry-season flows, was increasing to stable (Figure 6 and 9).

FIGURE 5. Panel A: GDP impact; Panel B: Genuine savings. Difference from baseline in millions of USD (2014). 
Panel C: Poverty impact. Percent deviation from baseline.
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TABLE 2. Macroeconomic, SEEA and ecosystem services impacts expressed as average growth rates from 
2015 to 2035.

AVERAGE GROWTH

BASE FOR1 FOR2 FUEL IRRIG FERT COMBI1 COMBI2

Macroeconomic 
indicators 
(IEEM)

Absorption 7.18% 7.18% 7.20% 7.25% 7.21% 7.52% 7.60% 7.60%

Private consumption 6.97% 6.97% 6.99% 7.07% 7.00% 7.38% 7.49% 7.49%

Fixed investment 7.43% 7.42% 7.44% 7.44% 7.46% 7.75% 7.77% 7.77%

Exports 8.24% 8.31% 8.28% 8.39% 8.28% 8.78% 9.02% 9.02%

Imports 7.55% 7.56% 7.56% 7.60% 7.56% 7.77% 7.84% 7.84%

GDP 7.23% 7.23% 7.24% 7.31% 7.26% 7.62% 7.74% 7.74%

Genuine savings 7.59% 7.59% 7.63% 7.62% 7.66% 8.12% 8.20% 8.20%

Indirect tax income 7.04% 7.04% 7.05% 7.10% 7.06% 7.42% 7.51% 7.51%

Real exchange rate -0.06% -0.06% -0.04% -0.02% 0.00% 0.26% 0.34% 0.34%

Wages 3.69% 3.61% 3.68% 3.65% 3.71% 4.20% 4.13% 4.13%

Unemployment 7.70% 7.87% 7.73% 7.80% 7.67% 7.02% 7.23% 7.23%

Poverty -0.08% -0.08% -0.08% -0.08% -0.08% -0.09% -0.09% -0.09%

Sectoral activity-Agriculture 5.00% 4.92% 5.00% 5.01% 5.08% 6.07% 6.06% 6.06%

Sectoral activity-Livestock 4.77% 4.69% 4.77% 4.78% 4.81% 5.19% 5.14% 5.14%

Sectoral activity-Forestry 7.91% 8.05% 8.02% 7.74% 7.92% 8.06% 8.03% 8.03%

Sectoral activity-Manufacturing 7.47% 7.49% 7.49% 7.55% 7.49% 7.93% 8.05% 8.05%

Sectoral activity-Services 7.98% 7.99% 7.99% 8.01% 8.00% 8.22% 8.29% 8.29%

SEEA Central 
Framework: 
Land & water-
use change

Agricultural land use 0.04% -0.05% 0.04% 0.04% 0.04% 0.01% -0.09% -0.09%

Livestock land use 0.10% 0.01% 0.10% 0.10% 0.13% 0.49% 0.43% 0.43%

Forestry land use 0.35% 2.42% 2.42% 0.35% 0.35% 0.35% 2.42% 2.42%

Water use 5.75% 5.73% 5.78% 5.73% 5.81% 6.49% 6.49% 6.49%

Ecosystem 
services

Carbon storage -0.3% 3.3% 2.8% -0.0% 0.0% -0.0% 3.0% 3.7%

Annual water yield 0.7% -1.8% -1.7% -0.0% 0.0% -0.1% -1.3% -1.7%

Quick flow 1.1% -2.9% -2.1% 0.0% -0.0% 0.0% -2.5% -3.8%

Local recharge -0.8% 0.9% 0.6% 0.0% 0.0% 0.0% 0.9% 1.8%

Sediment export* -20.9% 0.2% 0.1% -0.0% -0.0% 0.0% 0.2% 0.2%

Nitrogen export* -0.0% -3.4% -2.5% -0.0% -0.0% 47.1% 42.4% 44.9%

Phosphorus export* -2.1% -3.1% -2.2% -0.0% -0.0% 49.7% 45.2% 50.1%

*Negative values (i.e., reductions) are beneficial for these indicators

Source: IEEM+ESM results.
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FIGURE 6. Scenario land use. Difference from BASE in hectares. 
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The FOR and COMBI scenarios also led to larger 
reductions in sediment export, though improvements in 
terracing yielded large reductions in erosion across all 
scenarios. These reductions varied depending on the as-
sumptions about future rates of terracing. Nitrogen and 
phosphorus export by 2035 increased by about 47% in 
the FERT scenario, 45-47% in COMBI2, and 42% in COMBI1. 
Very slight decreases for nitrogen and phosphorus export 
(up to 2%) were observed in BASE, FUEL, and IRRIG. Both 
FOR scenarios had reductions of nitrogen export of about 
3% and phosphorus export of 4-5%.

In evaluating ecosystem service changes relative 
to BASE (which produces declines in carbon storage, lo-
cal recharge, sediment and nutrient export), differences 
for the FUEL and IRRIG scenarios are negligible (Figure 
7). Differences between BASE and FERT are notable for 
increasing nitrogen and phosphorus export but have min-
imal differences between other ecosystem services. The 
FOR scenarios provide various improvements in ecosys-
tem services relative to BASE, including carbon storage, 
local recharge, and reduced nutrient export, which are 
most pronounced in the Eastern Province (where greater 

reforestation takes place) and to a lesser degree in the 
Western Province and Kigali City.  

At the provincial scale, results for the Western Prov-
ince are quite similar to the national level; the Northern and 
Southern provinces have relatively little change except for 
increases in nutrient export under FERT and COMBI sce-
narios. Different patterns emerge for Kigali City and the 
Eastern Province, however. For Kigali City, COMBI2 had the 
greatest phosphorus export, and relatively large gains in 
local recharge and carbon storage. This result is largely 
due to less cropland loss and the increase in impervious 
urban areas than scenarios with urban growth. For the 
Eastern Province, nutrient export was substantially greater 
under the FERT scenario than the COMBI scenarios. While 
both substantially increased the application of nutrients to 
croplands, forest expansion in the COMBI scenarios was 
enough to retain about 83% of the additional nitrogen and 
phosphorus. Similarly, both FOR scenarios substantially 
reduced nutrient export. The COMBI and FOR scenarios 
also lead to increased carbon storage and local recharge 
in the Eastern Province relative to BASE.

FIGURE 7. Percent changes in ecosystem services relative to BASE at the national and provincial scale for 2035.

 

Source: IEEM+ESM Platform results.  
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FIGURE 8. Carbon storage (T); 
dashed circle/ellipse indicate 
areas of greatest change 
between years and across 
scenarios.

FIGURE 9. Quick flow (m3); 
dashed circle/ellipse indicate 
areas of greatest change 
between years and across 
scenarios.
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5. Discussion

5.1 Development scenarios and green 
growth for Rwanda

FOR1 impacts on macroeconomic indicators are 
modest and negative in terms of absorption, private con-
sumption, fixed investment and genuine savings. The GDP 
impact is small but positive while exports and imports 
grow faster. The key driving these perhaps surprising re-
sults is the increased competition for land arising from new 
forest plantations. In FOR1, for each new hectare of forest 
plantation there is a 0.25 ha reduction in land available for 
both agriculture and livestock. As a result, the agriculture 
and livestock sectors grow more slowly, also resulting in 
slower growth in income, savings, private consumption 
and investment. 

In contrast, FOR2 lifts the constraint of competi-
tion between forest plantations, agriculture and livestock 
land uses and the impacts of forest plantation expansion 
are positive across macroeconomic indicators. As for the 
composition of genuine savings, the FOR scenarios have 
a positive impact on the natural capital stock component 
of genuine savings due to expanded forest plantations. 
Both FOR1 and FOR2 result in some of the largest gains 
in ecosystem services over BASE – with increased car-
bon storage and local recharge and reduced nitrogen and 
phosphorus exports; the gains in FOR1 are slightly larger.

Sector activity across scenarios generally increases 
over BASE activity levels, with the exception of the agricul-
ture and livestock sectors in FOR1 and the forestry sector 
in the FUEL scenario. Slower forest sector growth in FUEL 
is explained by the reduction in fuelwood demand result-
ing from greater fuelwood use efficiency. Sectoral activity 
is heavily stimulated in the FERT and COMBI scenarios, es-
pecially for the agricultural sector but also notably for the 
manufacturing sector.

It is interesting to compare the impacts of expand-
ing forest plantations with those of increasing natural 
forest management, an area of investigation pursued in 
earlier work [51]. Increasing natural forest management 
often involves bringing previously unproductive, public 

forestland into production. This is equivalent to bringing to 
the economy a previously untapped resource that can be 
used to generate new income. The increased availability of 
this factor of production can have very large impacts on 
GDP and other macroeconomic indicators, compared with 
more modest gains from increasing forest plantations. 

FUEL scenario results are positive across indicators, 
including private consumption, exports, imports and GDP. 
These impacts are greater than those in the FOR scenar-
ios, and compared to IRRIG, with the exception of fixed 
investment and genuine savings where IRRIG has a more 
pronounced effect. There are two main transmission path-
ways that explain FUEL scenario results. First, with the 
increase in household fuelwood use efficiency, the same 
amount of cooking energy is obtained with 25% less fu-
elwood. This results in a decline in fuelwood prices, which 
benefits households by leaving them with greater dispos-
able income for consumption of other goods and services 
including education and health services. The second trans-
mission pathway is related to the positive health benefits 
arising from reduced exposure to fuelwood emissions and 
particulates in the household. These positive health ben-
efits enhance rural agricultural labor productivity, reduce 
unemployment and increase agricultural sector output, 
wages, income and household consumption and savings 
possibilities. Ecosystem services in FUEL are essentially 
unchanged from BASE due to little change in land use and 
land cover.

The IRRIG scenario results in positive macroeconom-
ic indicators with impacts larger than in the FOR scenarios. 
The productivity gain from irrigating crops boosts crop 
production, reduces crop prices, and frees up factors of 
production for use in other sectors of the economy. The 
overall effect is positive for wages, employment, house-
hold welfare, and genuine savings. However, in the short 
run and due to the inflow of foreign exchange required to 
finance the investment in irrigation, there is an apprecia-
tion of the real exchange rate, which has a negative impact 
on exports. In the longer run, once the investment is com-
plete, the real exchange rate returns to BASE levels and 
exports once again grow faster. 
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In the case of the IRRIG and FERT scenarios, there is 
a reduction in forest natural capital stocks which has a neg-
ative impact on genuine savings. On the other hand, the 
foreign investment financing in these scenarios contributes 
positively to genuine savings by enhancing output and in-
comes. Overall, land-use impacts in IRRIG are small while 
in FERT, the large increase in agricultural productivity frees 
up land to be reallocated to livestock. Ecosystem services 
in IRRIG are essentially unchanged from BASE, though wa-
ter use is somewhat greater (ca. 0.5 million m3/yr).

As the FERT scenario shows, there are very large 
gains to be had with increasing fertilization in Rwanda. In-
creasing fertilization boosts GDP and genuine savings by 
US$2,781 million and US$713 million, respectively. The joint 
impact of all scenarios represented by COMBI1 generates 
the largest gains with a US$3,591 million boost to GDP and 
a US$763 million increase in genuine savings. While agri-
cultural product prices may fall as a result of the increase 
in total factor agricultural productivity and the large in-
crease in output, the volume of this output compensates 
by generating additional household income, which is used 
for consumption, savings and investment. A portion of this 
increase in output is also exported, while we also see an 
increase in imports due to increased demand for all goods 
and services. Unsurprisingly given its emphasis on increas-
ing fertilizer inputs, FERT results in the largest increases 
in nitrogen and phosphorus export relative to BASE (47% 
and 50%, respectively), along with substantially greater 
water use (7.2 million m3/yr).

The COMBI1 scenario, which is the joint impact of 
FOR1, FUEL, IRRIG and FERT, shows strong positive effects 
on the economy. The reduced agricultural land avail-
ability arising from FOR1 is more than compensated for 
through the fuelwood efficiency enhancement as well as 
the productivity implications of increases in irrigation and 
fertilizer. The poverty-reducing impact (1.57% less poverty 
in 2035) is also strong. Enhanced productivity of the agri-
cultural sector is largely attributable to the contribution of 
fertilization and results in less land used by agriculture and 
more land reallocated for livestock use. Ecosystem ser-
vices in COMBI1 show mixed results, with increased carbon 
storage and local recharge, reflecting the additional forest 

plantations, but also increases in nitrogen and phosphorus 
export (42% and 45%, respectively), along with sub-
stantially greater water use (7.2 million m3/yr). Nutrient 
exports are somewhat lower than in FERT, because addi-
tional forest plantations provides greater nutrient uptake.

The transmission pathways for the IRRIG, FERT 
and COMBI scenarios are similar. Both IRRIG and FERT 
scenarios result in an increase in agricultural total factor 
productivity, which in turn increases agricultural output 
while reducing agricultural factor use. This reduction in 
agricultural factor use frees up capital, labor and land for 
use in other sectors of the economy, enabling them to in-
crease their output. The overall net effect is an increase in 
wages, a reduction in unemployment and an increase in 
household income, consumption and savings. 

In terms of evaluating green growth, the FERT and 
COMBI scenarios are the greatest “winners” for Rwanda 
from the perspective of economic growth. However, from 
an ecosystem services perspective, the FOR and COMBI 
scenarios, which help reverse a 25-year trend of forest loss 
in Rwanda [3, 4], provide the greatest gains in ecosystem 
services (Figure 6). Of these, the FOR scenarios yield re-
ductions in nutrient export while when combined with 
fertilization in the COMBI scenarios, the net effect is an 
increase in nutrient export, though to a lesser degree than 
the FERT scenario. Increases in nutrient inputs to surface 
waters matter because localized problems already exist 
with water quality and availability in Rwanda, particular-
ly in the dry season [52-54]. Increases in nutrient inputs 
of over 40% would likely make these problems more per-
vasive.  Increasing water demand (i.e., in the FERT and 
COMBI scenarios) may further exacerbate water-quality 
problems by reducing streamflow that dilute nutrients and 
other water pollutants. Water demand and water quality 
are thus the two most notable ecosystem service trade-
offs that emerge from our analysis.

Better water-quality outcomes may also be possible 
if reforestation can be carefully targeted to intercept sed-
iment and nutrients before they reach major waterways 
[55]. A COMBI-type outcome that produces both posi-
tive economic and ecosystem service outcomes may thus 
be possible with very careful targeting of reforestation, 
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including along water courses, to protect water quality. 
Achieving these multiple benefits may require a payments 
for ecosystem services-like incentive system informed by 
ecosystem service models. However, green growth scenar-
ios that reduce nutrient inputs into Rwanda’s agricultural 
system, i.e., the FOR scenarios, could best ensure greater 
water-quality protection, economic considerations aside. 
Economic arguments generated with the IEEM+ESM Plat-
form such as those presented here can provide the basis 
for the development of such incentive systems.

All scenarios but COMBI2 account for urban expan-
sion. COMBI2 preserves more farmland, but also more 
forests, grasslands, and shrublands that are lost to urban 
development in COMBI1. COMBI2 thus has both great-
er (detrimental) nutrient export and (beneficial) carbon 
storage and local recharge. Given Rwanda’s limited land 
base and high population density, urbanization is being 
implemented as a needed strategy to reduce population 
pressure on natural resources in rural areas and diversify 
the urban economy [56, 57], but it comes with its own im-
pacts to local ecosystems and ecosystem service supply.

As our provincial-scale analysis indicates, changes 
in ecosystem service, and their contributions to human 
well-being, are not equally distributed across Rwanda. 
Changes in the Northern, Western, and Southern provinc-
es generally mirrored national-scale trends, while those in 
Kigali City are influenced by urbanization and those in the 
Eastern Province by reallocations of LULC, which differed 
between scenarios. The Eastern Province is the flattest 
and driest region of Rwanda, where the most substantial 
changes took place as allocated by the LULC Change Mod-
el. Eastern Province ecosystem service trends differ more 
by scenario than the nation as a whole; notably the COM-
BI scenarios provide greater nutrient uptake from forest 
plantation expansion than in the FERT scenario, somewhat 
mitigating the effects of water-quality changes. Multi-ju-
risdictional effects may also be felt related to water quality 
and quantity, such as in neighboring Tanzania and Uganda, 
who share the Akagera watershed with Rwanda. 

Despite the key tradeoffs identified related to fertil-
izer and water use, water quality and quantity are far more 
difficult to value monetarily than our economic analysis. 

To address this limitation, concurrent efforts are focused 
on introducing feedbacks between IEEM and ESM, where 
changes in ecosystem service supply have a direct and 
quantified effect on the economy, which in turn generates 
new expectations for LULC change and therefore eco-
system service supply. Thus while IEEM can make these 
“hidden costs” more visible, feedbacks between ecosys-
tem service supply and the economy must be considered 
if the full cost of alternative policies and investments to 
achieve green growth are to be taken into account. 

Finally, while our water yield models are calibrat-
ed, the sediment and nutrient models are not, though 
our study’s emphasis on relative change in these metrics 
makes this limitation less serious than for other applica-
tions. Water-quality data needed to calibrate soil erosion 
and nutrient models are scarce in Rwanda [58, 59]. Do-
ing so would require a national water-quality monitoring 
program with adequate spatiotemporal coverage that is 
co-located with stream gauges to enable estimation of 
nutrient and sediment loads. Water-quality monitoring 
initiated in 2017 by the Ministry of Natural Resources may 
assist in future model calibration efforts for Rwanda [60].

5.2 Next steps for the IEEM+ESM 
Platform 

We present an innovative integration of dynamic 
CGE, LULC change, and ecosystem service models that 
more fully characterize linked environmental-economic 
trade-offs for development planning. At the regional scale 
there is some experience with linking CGE models with 
LULC change [44], and recent efforts are working to link 
these with ecosystem services models at the global scale 
[61, 62]. These approaches differ in two important ways: 
(i) the scenarios do not consider specific policy measures, 
rather they tend to consider broad potential trajectories 
such as sustainable development versus widespread land-
use change, and; (ii) regional and global models require a 
great number of homogenizing assumptions, where par-
ticularly for LULC change and ecosystem services supply, 
critical country context-specific detail is lost. Thus while 
these approaches may be useful for advocacy work, they 
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have limited potential for informing national policy and 
decision making. In our engagement with government cli-
ents and collaborators, there is a clear demand for finer 
resolution analysis that generates policy insights at the 
national to subnational level to support public investment 
and decision making.    

Currently in the IEEM+ESM approach, each of the 
three modeling steps–IEEM, LULC change, and ESM–re-
quired a hand-off between models. This process required 
detailed discussions about the results and their trans-
mission pathways for each scenario implemented in the 
models. Logistical questions were also tackled, such as 
those related to data formats, consistency and compatibil-
ity of model assumptions, and consistency in the reporting 
of results [63]. Economic-environmental analysis is fun-
damentally an interdisciplinary pursuit and these initial 
discussions are necessary from a technical standpoint, 

but equally important to bring a richness and depth to the 
approach and analysis that one discipline alone cannot 
provide. Once these discussions have been had and logis-
tical questions addressed, however, future application of 
the IEEM+ESM Platform across policy domains is greatly 
simplified. 

In the case of the IEEM+ESM Platform for Rwan-
da, the team benefited from very recent ecosystem 
service modeling studies where collaborators were able 
to share models, data and parameters [3, 4, 10]. To apply 
IEEM+ESM in other countries, wider adoption of methods 
to reuse economic, LULC and ecosystem service models 
and data would reduce start-up resource requirements 
dramatically [64]. This is the approach we are taking in 
the development of an OPEN IEEM+ESM Platform for the 
Latin American and Caribbean region [65]. 
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6. Conclusions

The IEEM+ESM Platform can be applied to complex 
policy goals such as those embodied by green growth, and 
more broadly to the Sustainable Development Goals and 
Paris Agreement commitments, by quantitatively iden-
tifying the economic, social and environmental impacts 
of alternative strategies for reaching specific targets. By 
quantifying policy impacts, the IEEM+ESM Platform gen-
erates evidence-based policy advice along these three 
fundamental dimensions of sustainable development, 
which is fundamental in the context of analyzing synergies 
and trade-offs between strategies. The metrics generated 
by the IEEM+ESM Platform go beyond measures of income 
flow represented by GDP, and capture the sustainability of 
income growth as indicated by impacts on genuine sav-
ings, natural capital stocks and ecosystem service supply. 
Policy analysis that produces and reports these more ro-
bust metrics is made possible with many countries around 
the globe, including Rwanda, implementing the System of 
Environmental-Economic Accounting [24]. 

The analysis presented here shows clear trade-
offs and synergies when considering multiple strategies 
for achieving green growth. Many of these would have 
gone undetected through the conventional application 
of stand-alone economic, LULC change and ecosystem 
service modeling and analysis. Here we show for exam-
ple that increasing fertilization has very strong positive 
economic impacts for Rwanda, however, the intensity of 
environmental resource use, water for example, increases 
markedly. There are also important impacts on increased 
nutrient export, which has implications for water quality, 
potential eutrophication of watercourses and undesirable 
impacts to downstream water users. 

On the other hand, our analysis shows that expand-
ing forest cover has the potential to mitigate some of the 
impact of increased water consumption as well as enhanc-
ing erosion mitigation and nutrient uptake. This analysis 
thus provides strong economic and environmental argu-
ments for a portfolio approach to achieving green growth 
targets where fertilization, irrigation and improving fuel-
wood use efficiency deliver important economic benefits. 

Forest cover expansion provides fuelwood and other raw 
material, reduces nutrient and sediment exports, reduces 
quickflow and enhances water recharge, all while increas-
ing above and below-ground carbon stocks for climate 
change mitigation. 

Our analysis is spatially explicit and at a scale that 
is relevant for policy and decision makers to take action. 
Impacts on LULC and ecosystem service changes are not 
homogenous across the landscape and knowing the lo-
cation and magnitude of change is critical for targeting 
action; while we summarized LULC and ecosystem service 
changes by province, impacts could similarly be estimat-
ed by districts, watersheds, or other subnational units. In 
our engagement with Rwandan policy makers, highlight-
ing the concentration of potential changes in LULC in 
the Eastern Province, for example, generated important 
discussion on trade-offs and synergies between econom-
ic, environmental and social objectives for that region. In 
Africa’s most densely populated country with a very lim-
ited land endowment, our analysis for Rwanda elucidates 
the importance of reconciling government plans and tar-
gets with the realities of current natural capital availability, 
threats and vulnerabilities. 
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