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Abstract

:

Africa is experiencing unprecedented economic growth that requires planners to understand the interactions between the social, economic, and ecological systems to ensure its sustainable development. The present paper uses the emergy method to analyse the Rwandan economy from 1975 to 2016. Emergy-based sustainability indicators were used to analyse and compare two distinct periods of economic growth: the pre- and post-Tutsi genocide periods. The results revealed that, by 2016, the total emergy use had increased by approximately 74% of the emergy recorded in 1975. The increase in total emergy use was associated with an increase in imports with contributions from 6.5 to 46.2% and the renewable resource contribution decrease from 93.5 to 53.8%. The emergy analysis, which covered 41 years, categorises Rwanda as a non-renewable resource-poor country. The total emergy use of the pre-genocide period was significantly lower than the post-genocide period. Based on the 2016 emergy self-support of 54% and the emergy sustainability index of 2.52, Rwanda has the highest import dependence compared to other developing countries listed in this paper and tends toward a developed country like Canada, Portugal, and so on. An imperative decision needs to be made in terms of the management of the economic system of Rwanda, as imports are becoming the highest impetus of the Rwandan economy but are also the top major cause of a long-run sustainability downfall. Thus, the present study recommends a scrutinised selection system of imports by increasing raw materials, particularly non-renewable resources, and by subsequently increasing the internal transformation to be exported. This recommendation is also applicable to other developing countries with similar non-renewable resource statuses.
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1. Introduction


A country’s economic developments rest on its environment inputs. Mostly, there are negative externalities associated with these developments [1,2,3]. These externalities become worse when the development rate increases and the ecological and environmental aspects are not carefully considered in economic decisions. The effects of these externalities aggravate more when mitigation and management options are not financially and politically viable [4]. According to the International Monetary Fund [5], Africa is second to Asia as the continent that is facing such an economic development and population growth. However, these externalities may restore the degraded ecosystems [6]. Apart from the high economic desire, the high population growth and the high population density are vital drivers of environmental and ecological impairments [7,8,9], which reflect the population demography in Africa. For instance, the population in 1980 was estimated at 478 million, but it has since tripled to 1.2 billion and is projected to be 1.5 billion by 2025 and 2.4 billion by 2050 [10]. Both the economy and population growth of Africa needs a substantial evaluation to properly document environmental sustainability and inform policymakers on that matter. Scaling to the country level can elucidate how African economies and the environment work and contribute to sustainable development. Considering the economy and population growth during the past three decades, the country of Rwanda was chosen as the case study.



Traditionally, both ecology and economic disciplines address complex systems, yet they work in isolation from each other [11]. Traditional economics focus on the efficient allocation of resources (for example, natural resources), but mostly ignores the aspects of environmental externalities. This isolation has resulted in policies that pay limited attention to the environment and the whole ecological system [11]. A standard economic theory and monetary valuation approach has been used to bridge ecological and economic complexities, but they underestimate the importance of natural resources and fail to value the work of nature and to set the metric unit [12,13]. The emergy approach, which considers the geologic processes, atmospheric systems, ecosystems, and societies as interconnected systems, normalises all products and services to a unit of measure that represents the quantity and quality of work being created and maintained by the system, namely solar emjoules (sej) [14].



Previously, emergy analysis has targeted and extensively evaluated various macro and microeconomics of the environmental interfaces at the national and provincial scales in Switzerland, France, Sweden, Japanese, Norway, Canada, Brazil, Turkey, Italy, US, China, and so forth [15]. The African system has been neglected and no African country has tempted to evaluate its current or historical economic development situation with the emergy method. Thus, the emergy-based application in Rwanda will bridge the research gaps on the Africa continent [16,17] and guide policies to enhance the environmental management and sustainable development.



Emergy can inform various policies and decision-making at the macro and micro levels, and in simple to complex systems [11,15,18,19,20,21]. The present study focuses on the Rwandan economy because of its soaring pace of economic development. We evaluated its sustainability to inform decisions while covering the spatial distribution of the emergy application gap. Besides, emergy indicators from previous studies have assumed the difference between developing and developed countries but there is no statistic testing to prove this hypothesis [22,23,24,25]; therefore, this hypothesis was tested.




2. Materials and Methods


2.1. Study Area


Rwanda, officially the Republic of Rwanda, is a sovereign state in East Africa. It shares borders with Uganda, Tanzania, Burundi, and the Democratic Republic of the Congo (Figure 1) [26]. Rwanda is also known for its tragic Tutsi genocide story of 1994 and its economic rebirth after tragic events, an exceptional post-conflict success story [27]. Rwanda is 26,338 km2, landlocked, and the highest densely populated country in Africa, when Islands are excluded, with 208 persons/km2 in 1980, 471 persons/km2 in 2015, and a projected 620 persons/km2 in 2032, and with a population growth rate by which the 2016 population was almost thrice the value of that in 1975 [10,28]. The Rwandan government initiated the Vision 2020 development program in 2000 that aims to increase the annual per capita income from 220 USD in 2000 to 900 USD in 2020 [29,30]. Now Rwanda is recognised as one of the ten fastest growing economies in the world and has been ranked as the second most reformed economy in the world over the last five years [31]. Astonishingly, Rwanda’s development is contrary to other African countries with similar economic development rates, as much of their development is attributed to the booming commodity prices for mineral, oil, and other natural resources [31]. This implies that Rwanda has little to do with the commodity (that is, minerals, oil, and so forth) windfalls since it is a natural-resource-poor country. Excluding the highest populated by density African islands, Rwanda is currently the most densely populated country in Africa [7,8,9].



From 1961 to 1990, Rwanda had an administered economy and has imposed severe restrictions on trade and foreign exchange transactions as well as a fixed exchange rate regime. By the early 1990s, the average tariff rate was 34.8%, with five different tariffs ranging from 0 to 60%. Every import and every import was subject to a quota, and all import operations were subject to a license authorising external currency disbursement [32]. Exporters had to repatriate currency generated by the sale of exports as a legal requirement and export licenses were authorised only by the National Bank of Rwanda (BNR), the central bank of Rwanda. More importantly, all export earnings were transferred to and managed by the BNR. Likewise, the BNR had to give prior approval for certain invisible transactions, including medical care, tourist trips, and studies abroad, with purchases of currencies from the BNR to finance these invisible transactions subject to ceilings [32,33].



Post-genocide in 1995, some economic reforms were implemented in Rwanda. Rwanda embraced a market economy characterised by both a continuation of trade reforms and a liberalisation of the monetary and financial regimes. Tariffs were reduced considerably with the average rate decreasing to 18%, and there remained four tariff bands with a maximum of up to 30% by 2003, which was a significant reform when compared with the tariffs before 1994. The liberalisation of the monetary and financial sector led to the adoption of new currency exchange regulations, the creation of new private commercial banks, and the privatisation of banks that had been state-owned [32,34].



Tea, minerals, and coffee dominated Rwandan exports until 2008 when they declined from 94.4% in 2001 to 79.12% in 2008. Rwanda’s non-traditional exports include alcoholic beverages, vegetables, and non-alcoholic beverages respectively representing 5.4%, 3.7%, and 3.7% of the exports in 2008, from near zero in 2001. Its export performance was weak with an annual export of 18 USD per capita, compared to the average 145 USD for sub-Saharan Africa in 2008. Rwandan exports, including tourism, have increased significantly over the past decade, rising to 454 million USD in 2010, but its imports have been growing more rapidly than exports, from 282 million USD in 2003 to 1.3 billion USD in 2010. The GDP per capita has increased from less than 200 USD in 1994 following the Genocide against the Tutsis to 540 USD in 2010, while it moved from 132 USD to 249 USD from 1975 to 1990, respectively [32].




2.2. Emergy Analysis


The emergy method, first presented by H. T. Odum, is based on the principles of thermodynamics and general systems thinking. By definition, emergy is the available energy of one kind that was used up in transformations, directly and indirectly, to make a product or service [35,36]. Emergy synthesis is performed by converting the energy, mass, or money value of the different inputs (natural and economic products and services) required to make a good into the common unit of solar emjoules [35], considering solar energy to be the most essential energy involved in all biogeochemical processes of the earth [37]. The amount of emergy required to produce a unit of energy, mass, or money is referred to as the Unit Emergy Value (UEV) and is expressed as sej/J, sej/g, and sej/$. The UEV is a measure of the process efficiency, that is, the lower the UEV, the more efficient the conversion [38].



To conduct this study, data were collected from the National Bank Rwanda’s database on export and import data from 1975 to 2016. The external commerce of exports, imports, and other economic statistics are recorded in the quarterly bulletin of the National Bank of Rwanda. Additional data were collected from other Rwandan governmental institutions like the National Institute of Statistics of Rwanda (NISR), the Ministry of Commerce and Trade, the Ministry of Agriculture and Animal Husbandry, and the Ministry of Natural Resources. The world development indicators (WDI), food and agriculture FAOSTAT (http://faostat3.fao.org), were consulted for data on livestock and crop productions.



To test the differences of emergy indicators between developed and developing countries, previous emergy indicators were sampled from previous national emergy accounting studies. The emergy system diagram developed for Rwanda has followed the typical diagram of a nation [35]. Figure 2 depicts the primary emergy flows of the Rwandan economy. These flows include free renewable environmental resources, local non-renewable resources, imported commodities, purchased services, and exchanges of money and information.



The emergy baseline is critical to ensure the accuracy of our calculations, but it has been changed from 9.44 × 1024 sej/year [35] to 15.83 × 1024 sej/year after considering the change of energy absorption in the earth movement [39]. However, further recalculation has kept taking place where the most recently updated is 12.00 × 1024 sej/year [40,41]. Therefore, with the latest baseline, all the UEVs before the year 2000 were multiplied by 1.27, and those after 2000 to the most recent baseline were multiplied by 0.75.





3. Results and Discussions


3.1. Resource Accounting


Emergy analysis divides renewable resources into two components: free renewable resources from the environment and indigenous renewable resources. The free renewable resources from the environment are absent resources on the market and difficult to be assessed by money-based evaluation. It includes the earth cycle, sunlight, rain, and the wind in which rain was its major composite by about 90% of the 3.69 × 1022 sej of the renewable resources since 1975 (Table A1 in Appendix A). The indigenous renewable resources are hydroelectricity, crop production, livestock, and forest extraction. These resources are usually omitted from the computation of the total emergy use (U) to avoid double accounting into the emergy analysis [42,43,44,45]. Among the total indigenous renewable resources, forest extraction was the major contributor at 38% in 1975, but it dropped to 30% in 2016. At the same time, crop production dropped to 22% in 2016 from 32% in 1975. The hydroelectricity increased from 1 to 4%, while livestock increased from 29% in 1975 to 44% in 2016.



The total emergy use (U) increased by 74% from 3.63 × 1022 sej in 1975 to 6.31 × 1022 sej in 2016 (Table A2). The emergy from free renewable resources (R) contribution to the U declined from 93.48% in 1975 to 53.76% in 2016. The import emergy contribution to the U increased from 6.51% in 1975 to 46.17% in 2016. The free renewable resources were the major contributors to the total emergy use and the major impetus of the Rwandan economy over a period of 41 years, but it was stagnantly stable over 41 years, whereas the import resources increased by 12 times from 1975 to 2016 and is inclined to replace R as the major impetus of the Rwandan economy. This substantial increase in imports has made the country more dependent on imports than before.



The indigenous non-renewable resources (N) component is not a significant impetus of the Rwandan economy as it almost constantly contributed 0.01% to the total emergy use since 1975. The non-renewable resources decreased from 1.31 × 1019 sej in 1975 to 3.86 × 1018 sej in 1995 and then increased to 5.39 × 1019 sej in 2016. The indigenous non-renewable resources are further categorised into dispersed rural resources (N0), concentrated resources (N1), and non-renewable exported resources without significant transformation (N2). N0 designates resources whose stocks are being used faster than they are re-grown, such as topsoil loss. Additionally, N1 and N2 represent the reserves of minerals that are formed and renewed over more extended geologic periods. Topsoil, the sole constituent of N0, constituted 24.46% of the indigenous non-renewable resources in 1975 but decreased to 5.95% in 2016. Mineral extraction accounted for 75.54% in 1975 and 13.70% in 2016, while methane gas contributed to 80.35% in 2016 from null in 1975 (Table A1).



On international exchange, the total imports increased from 2.36 × 1021 sej to 2.91 × 1022 sej, while the exports increased from 7.23 × 1020 sej to 8.61 × 1021 sej (12 times) from 1975 to 2016. Import and export imbalances occurred throughout the 41-year study period (Table A2). Among imports, fertiliser underwent the greatest growth where it increased by 117 times from 1975 to 2016. This was followed by transport machinery and tools (25 times), construction materials (13 times), food products (11 times), miscellaneous imports (8 times), and services (4 times). In 1975, the major import constituent was miscellaneous imports (27.64%), followed by food products (27.32%). Food product import dramatically increased from 1975 to 1985 (ten times) with a 54% import constituent in 1985. The transport machinery and tools took over the miscellaneous imports and food products in 2005. From then on, it was a leading constituent with 44% in 2016, and the food products and miscellaneous imports dropped to 23 and 18%, respectively (Table A1). The imports increased significantly from 1975 to 1981 (four times) and decreased in 1990 before turning to a reasonably steady growth from 2000. The observed increase in the total imports until 1985 is attributed to food products such as milk, milk products, birds eggs, cereal flours, and seeds as Rwanda was facing a pronounced hunger due to crop failure [46]. The noted import that increased from 2000 was machine and tool production, showing that the Rwandan modern factory industry sector was developing fast and becoming very dependent on machines, transport, and tools to fasten the small industry productions and beverages.



Among exports, the service decreased from 1975 to 1995. Since then, there was a fast growth of export services, which surpassed import services from 2000 until 2016 (Table A3). Apart from services, exports also relied on coffee, tea, and minerals. Coffee and tea have been the major exports of Rwanda. However, there was a significant drop in the coffee exports in 1995, and since then it has been almost stagnant until 2016. The export of tea and minerals are increasing. The tea export increased by 6.28 times from 3.11 × 1018 sej in 1975 to 1.95 × 1019 sej in 2016 (Table A1).




3.2. Emergy-Based Indicators


The emergy use per person (EUP) is more effective in revealing the real living standard of a nation since it accounts for not only the distinctive qualities of input joules but integrates the non-renewable resources and the renewable resources [23,43]. The EUP indicator for Rwanda dropped from 8.33 × 1015 sej/person in 1975 to 5.30 × 1015 sej/person in 2016, which shows almost a double decrease in the living standard during the period of 41 years (Figure 3). This can be partly linked to the population steadily increasing from 4.36 to 11.9 million in that period [28]. This study clearly showed how the EUP is distinctly different from the GDP economic indicator as the Rwandan GDP per capita has increased almost five times from 137 to 702 USD during the same period [28]. Compared with developed countries such as Switzerland, Sweden, and others in Table 1, the EUP of Rwanda in 2016 is lower, indicating that Rwanda has a relatively lower level of technological and industrial development [47]. Moreover, in developing countries, Rwanda scores a lower EUP compared with China in 2004, as a Rwandese person in 2016 was living on a third of the wealth of a Chinese person in 2004 (Table 1) [43].



The emergy/dollar ratio, or “emdollar,” is the total emergy use (U) divided by GNP and is used to value the purchasing power of money [35]. Developing countries usually have a higher emergy/dollar ratio because their economy embraces a more direct use of their environmental resources without money exchange [47]. The Rwandan emdollar was 6.31 × 1012 sej/$ in 2016, showing a decrease by 87.54% from 1975. This decreasing trend correlates with the decreasing purchasing power of real wealth per dollar in Rwanda. Explicitly, one dollar in 1975 was able to purchase 7.32 times the real wealth of 2016. Despite the decrease in the emdollar, it was higher than almost all of its counterparts’ old emdollar values in Table 1, except for Liberia and Dominica, Ecuador, Papua New Guinea, and China, which are also developing countries.



Regarding energy and resources exchange, the more trade, the more the imbalance between Rwanda and the developed countries as long as the latter has a lower emdollar [23,47,48]. This implies that dollar-earning from the export of raw materials in the large-scale tends to drain out the Rwandan system rather than to benefit it as the exchange of environmental commodities generally transfers much more emergy to the purchasers than what the paid money can buy from these developed countries. This describes the fact that Rwanda has been losing in most international trades. This inequity varies from country to country, but based on the world emdollar, Rwanda lost 11 times in 2000. If we were to compare the trade between China with an emdollar of 12.08 × 1012 sej/$ in 2004 and Rwanda with that of 17.30 × 1012 sej/$ in 2005, Rwanda lost 43.6% of the purchased emergy. In 2016, the Rwandan emdollar dropped to 56.6% of that in 2005 (Figure 4), which might have reduced the unfair trade with developed countries if their emdollar dropped to a lower rate than that of Rwanda.



The indices of equity in an exchange between states or nations are determined by comparing the imported and exported emergy through the emergy exchange ratio (EER). The EER is defined as the exported emergy over the imported emergy and is expressed as (P1E+B+N2)/(P2I+G+F) [15]. The EER explains whether a state or nation is a support area for others and indicates the degree to which a system contributes to or receives from a trading partner [43]. The additional explanation of the equity is the emergy imbalance that is the difference between exported and imported emergy (P1E+B+N2) –(P2I+G+F). Based on EER, the country can either decide to use environmental commodities from domestic sources or import them from abroad [35,47]. As shown in Figure 5, the EER ratio is less than one from 1975 to 2016, that is, the export minus import was negative, indicating that of Rwanda is a dependent economy. There was an apparent upward trend with the ratio increasing toward one since 1995. This upward trend shows that the Rwandan economy dependence is decreasing fast from 1995 to 2016 with a ratio moving from 0.08 to 0.30. Despite this move, the imbalance increased from −5.92 × 1021 to −2.05 × 1022 sej/yr from 1995 to 2016, which means that the system is exchanging higher emergy quantity than it was before. The EER distinctively separates the pre- and post-genocide periods, since the natural resource dependence decreased after the genocide of 1994 (Figure 5).



The environmental loading ratio (ELR) is the ratio of indigenous non-renewable (N) and imported emergy to the renewable emergy (R) [18], and ELR reveals the pressure on the environment [23,44,49]. The ELR in Rwanda rose from 0.07 in 1975 to 0.86 in 2016 (12.3 times), as shown in Figure 6. This increase is driven by high imported emergy because N represented only a ratio of 0.0014 in 1975 and 0.0013 in 2016 to the imports. The recent imports increase from 2000 correlates with the foreign investment companies increased along with the foreign cash inflow increased from 145.9 million USD in 2008 to 476.3 million USD in 2015 in Rwanda [50]. The ELR values from 1975 to 2016 revealed that the Rwanda economy does not put much pressure on the local environment compared to non-environmentally-friendly countries such as China (9.29), Italy (9.47), Japan (8.34), Netherlands (15.9), Poland (19.78), and Portugal (22.6) [18,19,47]. Rwanda still has a very low ELR, and this suggests a relatively low level of technology development, which marks its relative environment impacts.



The emergy yield ratio EYR = (N+R+F+G+P2I)/(F+G+P2I) is a measure of how much an investment pushes a process to exploit the local resources and enhances its contribution to the economy, reflecting the ability of a certain system to provide energy to the economy by magnifying its investment. The higher the EYR value, the lower the system’s dependence on economic investment [18,36,51]. From 1975 to 2016, the EYR was controlled by investment (imported emergy), as non-renewable and renewable resources were almost constant throughout the study period (Table A1). It is worth noting that, when the imported emergy increased, the EYR decreased automatically, regardless of the situation (Figure 6).



The emergy investment ratio EIR = (F+G+P2I)/(N+R), the quotient of purchased emergy divided by the free emergy, can explain the feedback intensity of the economy [35]. It is an indicator of the competitiveness of a nation in attracting additional investments, and a lower ratio is more attractive for future development [52]. The higher the EIR, the more intensive the environmental use becomes and the more the money will circulate, and thus the higher the economic development level of a system will become. As shown in Figure 7, the EIR in Rwanda rose from 0.07 in 1975 to 0.86 in 2016, indicating a significant similarity with the variation of ELR. This similarity implies that the contribution of indigenous non-renewable resources (N) into the Rwandan economy was trivial and that the Rwandan economy is enriched mainly by purchased resources. The triviality of N is shown again by the high similarity of the emergy self-support (N+R)/U and fraction of local renewable resources (R/U) in Table A2. The marked EIR drop in the 1990s is due to the country’s insecurity, which led to the Tutsi Genocide of 1994 and an import level that was quite low. In the context of a low EIR, which is attractive for foreigners investors, the Rwandan government launched the Economic reform policy in 2000 to attract foreign investors by increasing their confidence in the country’s business climate and implemented a total of 47 pro-investment policy reforms across all indicators of the Doing Business indicators in 2005 [50,53]. The aim of the reform was to turn the country into a system with high-level technology, high money circulation, and a high level of economic development. As a result of the reforms, the foreign cash inflow increased from 145.9 million USD in 2008 to 476.3 million USD in 2015, whilstthe number of registered foreign companies increased from 140 in 2009 to 209 in 2015. This reform boosted the EIR from 0.15 in 2000 to 0.86 in 2016 (Figure 7).



The emergy self-support ratio (ESR) = (N+R)/U measures how the environment contributes to the production of a system. The higher the ratio, the less the country depends on imported resources [15,47]. In 1975, the ESR was 94%, indicating that the Rwandan economy system was very much self-supporting and that most of the resources consumed in Rwanda came from the indigenous environment. Self-support dropped to 75% in 2000. The economic reform that began in 2000 increased imports, leading to the decline of ESR [29,30]. The higher the ESR value, the higher the security of the national economy [15,47]. Compared to other countries listed in Table 1 [18,19,47,54,55,56], the ESR of Rwanda in 2016 (54%) indicates a higher insecurity economy, akin to developed countries in the 1990s such as Portugal in 2009 (54%) and Japan (31%), than all other developing countries, such as Ecuador (94%), China (81%), and Liberia (92%).



The emergy sustainability index (ESI) = EYR/ELR is an aggregate measure of yield and environmental loading and measures the production of a system relative to the environmental pressure on it [57,58]. The ESI was high at 220 in 1975, supported by the fact that the Rwandan economy was 94% self-dependent and had a very low loading ratio (0.07). Since 1979, Rwanda faced famines in which floods made it impossible to cultivate crops followed by a drought in 1980, which caused hunger in the following years of the 1980s. During this period of hunger, Rwanda received food products and clothing items for its people from the World Food Programme (WFP) [46]. This famine period caused a dramatic increase in food imports by six times, and the total imports increased by four times from 1975 to 1981, in which the food products were 43% of the total imports (Table A1). These heavy imports caused by the famine caused a dramatic ESI drop to 18.8 in 1981 and 11.4 in 1985. The ESI then started to fluctuate between 53 to 12 until 2005, in which the ESI was still higher than 10 (Figure 8). The Rwandan system in 2005 was classified as sustainable in the long run or as an undeveloped economy, as its ESI was more significant than 10 [18,51,57,58]. Since 2012, the ESI value has been less than 10, suggesting a relatively weak sustainability compared to those of developed countries [51] such as Portugal with 0.10 in 2009 and Canada with 1.59 in 2011 [18,19].



Lou et al. [59] suggested that less dependency on the outside and on non-renewable resources would increase the ESI, making the country more sustainable [59]. Among these options, decreasing the dependency on outside resources is more likely to be an answer for the Rwandan ESI as long as its indigenous non-renewable resources (N) are still negligible compared with its import resources. On the other side, N can contribute to the increase in U and then lead to the increase in EYR. Unfortunately, the ratio of N to R, ranging from 0.01 to 0.07%, also reveals that the N is negligible in the Rwandan economy. Thus, indigenous non-renewable resources cannot be thought as crucial when addressing the short running sustainable index of Rwanda, but developed countries with a good reserve of N can consider them in decision processes in case they need to adjust their ESI (Table A1). The reason behind this ESI similarity with the emergy system economy of developed countries is because Rwanda is a non-renewable resource-poor reserve country [31].



The carrying capacity can be determined based on the emergy requirements for a given population or the emergy intensity of a given economic development. The carrying capacity of an environment is determined by that environment’s ability to supply the required emergy. A rich environment can support larger populations or more intensive economic developments [60,61,62]. The renewable carrying capacity at present living standards measures the number of people that could be supported by renewable sources alone, if they maintained today's living standard and is calculated as the ratio of renewable resource emergy to the total emergy use multiplied by the population [56,63,64]. The Rwandan renewable carrying capacity moved from 4.07 × 106 (about 93.5% of the 1975 population) to 6.41 × 106 (about 54% of 2016 population) (Figure 9). As the contribution of renewable emergy remains almost constant, the population has increased 2.73 times from 1975 to 2016, which has shrunk Rwanda’s carrying capacity. The renewable carrying capacity is also calculated towards the advanced system. Based on the present Rwandan living standard, the developed carrying capacity is calculated by multiplying the renewable carrying capacity by eight [64], which yields 5.32 × 1007 populations in 2016 or fourfold that of the 2016 Rwanda population (Figure 9).




3.3. Emergy Indicator Analysis by the Economic Level of a Country


The emergy indicators and indices of 20 countries were analysed to verify if there is a difference based on the country’s economic development level. Nine of them were developing countries, and the others were developed countries (Table 1). Based on the Mann–Whitney two-tailed test (p > 0.05), the emdollar, the import/export ratio, the ESR, the ELR, and the ratio of electricity to use were significant, with respective p-values of 0.001, 0.019, 0.008, 0.005, and 0.006. Only EUP and the empower density were not significant, with p-values of 0.185 and 0.102, respectively.





4. Conclusions


This paper accounts for the environmental resources flow of the Rwandan economy from 1975 to 2016 based on the emergy method. The total emergy use (U) increased from 3.63 × 1022 sej in 1975 to 6.31 × 1022 sej in 2016, and this increase is mainly associated with the increase in imported resources. The proportion of the imported emergy increased from 6.5% in 1975 to 46.17% in 2016. Meanwhile, the contribution of renewable resources (R) decreased from 93.48 to 53.76% as R was constant throughout 41 years of the study period. Rwanda has become more dependent on foreign goods and services, and less on its indigenous environmental resources. The real human wealth or emergy per person in 2016 declined by about 36% that of 1975. The population almost tripled from 1975, which is the major cause of such a decrease since the total emergy, from 1975 to 2016, increased by 74%. The lowest values of the environmental load ratio (ELR) and emergy investment ratio (EIR) in 1975 implies the low dependence on purchased resources. Despite the decrease in the emergy self-support ratio (ESR) from 0.94 to 0.53, the indigenous environment contribution is still the major contributor to the total emergy use in Rwanda.



Over a period of 41 years, three major phases were identified in the Rwandan economic development. The first phase (1975–1985), which spans 10 years, is defined by an increase in the imports and a very slow growth of exports, which dropped the import/export ratio from 0.31 in 1975 to 0.13 in 1985. The second phase ranged from 1985 to 2000 when Rwanda experienced political insecurity, and both the inflows and outflows then decreased profoundly in 1994, during the Tutsi genocide. The relatively stable political security during this phase resulted in an increased emergy yield ratio from 3.9 to 7.8 (1985–2000) and a corresponding decreased purchased resources. The ESI increased from 11.46 to 53.26, as the system was almost dependent on the indigenous resources. The fraction of locally renewable use changed its trend and increased from 74.5 to 87.2%, the total emergy use decreased by 15%, the imports decreased by 57%, and the exports decreased by 12% in 2000, compared with those in 1985. Since 2000, the third phase (2000–2016) started with the national economic reform under Vision 2020 to transform Rwanda into a middle-income country by 2020. The ESI decreased to 2.52 and Rwanda was categorised as a developing economy. The ESI similarity with the developed country was due to the trivial contribution of non-renewable resources to total emergy use in Rwanda, as it is a country that does not have many minerals and other non-renewable resources, as do some developing countries. Thus, its ESI behaves differently from other developing countries for which the major source of a booming economy is from minerals and non-renewable resources exports. Based on ESI analysis, Rwanda is a non-renewable resource-poor country and has a tendency to be judged as a developed country with high non-renewable resources under the preservation policy in which they prefer to import non-renewable resources from outside the system than using its domestic resources.



The present study highly recommends the policy and decision makers of Rwanda to reform its importation by carefully selecting raw materials and non-renewable resources subject to be transformation in Rwanda and then exported after being transformed. This will increase the export, thus minimising the import/export imbalance and trading inequity.
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Table A1. Emergy evaluation of resource basis for Rwanda (1975–2016)/Solar Emergy sej/year.
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No

	
Item

	
Pre-Genocide

	
Post-Genocide

	




	
1975

	
1981

	
1985

	
1990

	
1995

	
2000

	
2005

	
2012

	
2016






	
Renewable sources flow within Rwanda

	

	

	

	

	

	

	

	




	
1

	
Sunlight

	
1.31 × 1020

	
1.31 × 1020

	
1.31 × 1020

	
1.31 × 1020

	
1.31 × 1020

	
1.31 × 1020

	
1.31 × 1020

	
1.31 × 1020

	
1.31 × 1020




	
2

	
Wind, kinetic

	
6.92 × 1018

	
6.92 × 1018

	
6.92 × 1018

	
6.92 × 1018

	
6.92 × 1018

	
6.92 × 1018

	
6.92 × 1018

	
6.92 × 1018

	
6.92 × 1018




	
3

	
Rain, geo potential

	
2.92 × 1022

	
2.92 × 1022

	
2.92 × 1022

	
2.92 × 1022

	
2.92 × 1022

	
2.92 × 1022

	
2.92 × 1022

	
2.92 × 1022

	
2.92 × 1022




	
4

	
Rain, chemical

	
4.77 × 1021

	
4.77 × 1021

	
4.77 × 1021

	
4.77 × 1021

	
4.77 × 1021

	
4.77 × 1021

	
4.77 × 1021

	
4.77 × 1021

	
4.77 × 1021




	
5

	
Earth cycle

	
2.85 × 1021

	
2.85 × 1021

	
2.85 × 1021

	
2.85 × 1021

	
2.85 × 1021

	
2.85 × 1021

	
2.85 × 1021

	
2.85 × 1021

	
2.85 × 1021




	
Indigenous renewable resources (sej/yr)

	

	

	

	

	

	

	

	




	
6

	
Forestry extraction

	
1.71 × 1021

	
2.08 × 1021

	
2.39 × 1021

	
2.82 × 1021

	
2.22 × 1021

	
3.29 × 1021

	
3.69 × 1021

	
4.49 × 1021

	
4.67 × 1021




	
7

	
Hydro-electricity

	
5.65 × 1019

	
7.82 × 1019

	
9.13 × 1019

	
7.81 × 1019

	
7.45 × 1019

	
2.03 × 1020

	
9.14 × 1019

	
3.83 × 1020

	
6.88 × 1020




	
8

	
Crop production

	
1.44 × 1021

	
1.89 × 1021

	
2.10 × 1021

	
1.96 × 1021

	
1.29 × 1021

	
1.95 × 1021

	
3.52 × 1021

	
5.52 × 1021

	
3.36 × 1021




	
9

	
Livestock

	
1.34 × 1021

	
1.82 × 1021

	
1.92 × 1021

	
2.04 × 1021

	
1.62 × 1021

	
2.46 × 1021

	
3.47 × 1021

	
4.65 × 1021

	
6.73 × 1021




	
Non-renewable sources flow within Rwanda

	

	

	

	

	

	

	

	




	
10

	
Top soil loss

	
3.21 × 1018

	
3.21 × 1018

	
3.21 × 1018

	
3.21 × 1018

	
3.21 × 1018

	
3.21 × 1018

	
3.21 × 1018

	
3.21 × 1018

	
3.21 × 1018




	
11

	
Cassiterite

	
1.88 × 1018

	
1.57 × 1018

	
5.99 × 1017

	
8.59 × 1017

	
2.10 × 1017

	
3.14 × 1017

	
3.30 × 1018

	
3.96 × 1018

	
3.04 × 1018




	
12

	
Coltan

	
6.52 × 1016

	
0.00E+00

	
0.00E+00

	
0.00E+00

	
1.12 × 1017

	
1.24 × 1018

	
1.58 × 1018

	
2.37 × 1018

	
2.63 × 1018




	
13

	
Wolframite

	
7.91 × 1018

	
5.20 × 1018

	
3.90 × 1018

	
1.96 × 1018

	
1.90 × 1017

	
1.44 × 1018

	
1.03 × 1018

	
1.75 × 1019

	
1.72 × 1018




	
14

	
Other minerals

	
4.20 × 1016

	
0.00

	
7.45 × 1016

	
1.68 × 1017

	
0.00

	
0.00

	
8.98 × 1018

	
1.17 × 1017

	
0.00E+00




	
15

	
Methane gas

	
0.00

	
0.00

	
1.53 × 1018

	
1.48 × 1018

	
1.43 × 1017

	
2.98 × 1017

	
1.17 × 1018

	
1.53 × 1018

	
4.33 × 1019




	
Imported Fuel

	

	

	

	

	

	

	

	

	




	
16

	
Fuel: Petroleum Products (j)

	
8.45 × 1019

	
1.66 × 1020

	
2.19 × 1020

	
2.25 × 1020

	
1.47 × 1020

	
2.30 × 1020

	
3.08 × 1020

	
6.60 × 1020

	
8.11 × 1020




	
Import Goods and Services

	

	

	

	

	

	

	

	




	
17

	
Construction Material

	
1.31 × 1020

	
2.55 × 1020

	
2.36 × 1020

	
1.76 × 1020

	
9.56 × 1019

	
1.50 × 1020

	
9.23 × 1020

	
1.70 × 1021

	
1.77 × 1021




	
18

	
Food products

	
6.46 × 1020

	
3.83 × 1021

	
6.23 × 1021

	
1.58 × 1021

	
2.96 × 1021

	
1.79 × 1021

	
2.29 × 1021

	
4.42 × 1021

	
6.84 × 1021




	
19

	
Transport, machines and tools

	
5.21 × 1020

	
1.11 × 1021

	
1.30 × 1021

	
1.02 × 1021

	
1.26 × 1021

	
1.53 × 1021

	
4.47 × 1021

	
1.30 × 1022

	
1.29 × 1022




	
20

	
Fertilisers

	
2.11 × 1018

	
3.21 × 1018

	
2.88 × 1019

	
6.35 × 1017

	
9.49 × 1018

	
4.58 × 1019

	
2.47 × 1020

	
2.47 × 1020

	
2.47 × 1020




	
21

	
Miscellaneous

	
6.53 × 1020

	
1.33 × 1021

	
1.10 × 1021

	
8.19 × 1020

	
7.47 × 1020

	
7.99 × 1020

	
2.91 × 1021

	
5.31 × 1021

	
5.15 × 1021




	
22

	
Import services

	
3.25 × 1020

	
2.28 × 1021

	
2.49 × 1021

	
2.09 × 1021

	
1.19 × 1021

	
1.21 × 1021

	
2.29 × 1019

	
7.69 × 1019

	
1.42 × 1021




	
Export Goods and Services

	

	

	

	

	

	

	

	




	
23

	
Coffee

	
7.59 × 1019

	
8.26 × 1019

	
9.19 × 1019

	
9.15 × 1019

	
4.28 × 1019

	
4.45 × 1019

	
5.27 × 1019

	
4.83 × 1019

	
5.30 × 1019




	
24

	
Tea

	
3.11 × 1018

	
5.09 × 1018

	
7.34 × 1018

	
9.40 × 1018

	
3.16 × 1018

	
1.08 × 1019

	
1.34 × 1019

	
1.80 × 1019

	
1.95 × 1019




	
25

	
Minerals

	
9.90 × 1018

	
6.77 × 1018

	
4.57 × 1018

	
2.99 × 1018

	
5.12 × 1017

	
3.00 × 1018

	
1.24 × 1019

	
2.40 × 1019

	
7.38 × 1018




	
26

	
Miscellaneous

	
4.17E+16

	
1.22 × 1020

	
2.83 × 1020

	
1.17 × 1020

	
2.04 × 1020

	
7.83 × 1019

	
4.22 × 1021

	
1.14 × 1022

	
1.02 × 1021




	
27

	
Export services

	
6.35 × 1020

	
1.83 × 1021

	
1.15 × 1021

	
8.39 × 1020

	
2.32 × 1020

	
1.21 × 1021

	
6.05 × 1020

	
3.73 × 1021

	
7.51 × 1021




	
Additional information of the Rwandan economy

	

	

	

	

	

	

	

	




	
23

	
Population

	
4.36 × 106

	
5.31 × 106

	
6.11 × 106

	
7.21 × 106

	
5.66 × 106

	
8.40 × 106

	
9.43 × 106

	
1.15 × 107

	
1.19 × 107




	
24

	
Area (square meter)

	
2.63 × 1010

	
2.63 × 1010

	
2.63 × 1010

	
2.63 × 1010

	
2.63 × 1010

	
2.63 × 1010

	
2.63 × 1010

	
2.63 × 1010

	
2.63 × 1010




	
25

	
Exchange rate $ to Rwf

	
92.28

	
102.73

	
94.67

	
78.83

	
246.68

	
458.55

	
546.66

	
607.55

	
780.48




	
26

	
GNP ($)

	
6.00 × 108

	
1.50 × 109

	
1.80 × 109

	
1.80 × 109

	
1.20 × 109

	
1.70 × 109

	
2.60 × 109

	
7.10 × 109

	
8.38 × 109
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Table A2. Indices using emergy for an overview of Rwanda.






Table A2. Indices using emergy for an overview of Rwanda.





	

	
Pre-Genocide

	
Post Genocide

	




	
No

	
Name of Index

	
Expression

	
1975

	
1981

	
1985

	
1990

	
1995

	
2000

	
2005

	
2012

	
2016






	
1

	
Renewable emergy flow _R

	
R

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022




	
2

	
Indigenous Non-renewable Resources

	
N = N0 + N1

	
3.21 × 1018

	
3.21 × 1018

	
4.73 × 1018

	
4.69 × 1018

	
3.35 × 1018

	
3.50 × 1018

	
4.38 × 1018

	
4.73 × 1018

	
4.65 × 1019




	
3

	
Import emergy

	
G + F + P2I

	
2.36 × 1021

	
8.97 × 1021

	
1.16 × 1022

	
5.91 × 1021

	
6.40 × 1021

	
4.98 × 1021

	
1.12 × 1022

	
2.54 × 1022

	
2.91 × 1022




	
4

	
Total emergy use _U

	
N0 + N1 + R + G + F + P2I

	
3.63 × 1022

	
4.29 × 1022

	
4.55 × 1022

	
3.98 × 1022

	
4.03 × 1022

	
3.89 × 1022

	
4.51 × 1022

	
5.93 × 1022

	
6.31 × 1022




	
5

	
Total export emergy

	
E = B + N2 + P1E

	
7.23 × 1020

	
2.05 × 1021

	
1.53 × 1021

	
1.06 × 1021

	
4.83 × 1020

	
1.35 × 1021

	
4.90 × 1021

	
1.52 × 1022

	
8.61 × 1021




	
6

	
Total emergy inflows (sej/yr)

	
R + N + F + G + P2I

	
3.63 × 1022

	
4.29 × 1022

	
4.55 × 1022

	
3.98 × 1022

	
4.03 × 1022

	
3.89 × 1022

	
6.26 × 1021

	
5.93 × 1022

	
6.31 × 1022




	
7

	
Exports minus imports (sej/yr)

	
(B + N2 + P1E) − (F + G + P2I)

	
−1.64 × 1021

	
−6.92 × 1021

	
−1.01 × 1022

	
−4.85 × 1021

	
−5.92 × 1021

	
−3.63 × 1021

	
−6.26 × 1021

	
−1.02 × 1022

	
−2.05 × 1022




	
8

	
Ratio of exports to imports

	
(B + N2 + P1E)/(F + G + P2I)

	
0.31

	
0.23

	
0.13

	
0.18

	
0.08

	
0.27

	
0.44

	
0.60

	
0.30




	
9

	
Indigenous sources

	
R + N

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.40 × 1022




	
10

	
Emergy to money ratio (sej/$)

	
U/GNP

	
6.05 × 1013

	
2.86 × 1013

	
2.53 × 1013

	
2.21 × 1013

	
3.36 × 1013

	
2.29 × 1013

	
1.73 × 1013

	
8.36 × 1012

	
7.54 × 1012




	
11

	
Environmental loading ratio (ELR)

	
(N + F + G + P2I)/R

	
0.07

	
0.26

	
0.34

	
0.17

	
0.19

	
0.15

	
0.33

	
0.75

	
0.86




	
12

	
Emergy investment ratio (EIR)

	
(F + G + P2I)/(N + R)

	
0.07

	
0.26

	
0.34

	
0.17

	
0.19

	
0.15

	
0.33

	
0.75

	
8.58E−01




	
13

	
Emergy yield ratio (EYR)

	
U/(F + G + P2I)

	
15.36

	
4.78

	
3.92

	
6.74

	
6.30

	
7.82

	
4.04

	
2.34

	
2.17E+00




	
14

	
Emergy sustainability index (ESI)

	
EYR/ELR

	
220.26

	
18.08

	
11.46

	
38.70

	
33.42

	
53.26

	
12.27

	
3.12

	
2.52




	
15

	
Emergy self-support ratio (ESR)

	
(N + R)/U

	
93.49%

	
79.09%

	
74.51%

	
85.17%

	
84.14%

	
87.21%

	
75.24%

	
57.19%

	
53.83%




	
16

	
Fraction use, locally renewable

	
R/U

	
93.48%

	
79.08%

	
74.50%

	
85.16%

	
84.13%

	
87.20%

	
75.23%

	
57.18%

	
53.76%




	
17

	
Fraction of emergy use purchased (imports)

	
(F + G + P2I)/U

	
6.51%

	
20.91%

	
25.49%

	
14.83%

	
15.86%

	
12.79%

	
24.76%

	
42.81%

	
46.17%




	
18

	
Fraction import service

	
P2I/U

	
0.90%

	
5.32%

	
5.47%

	
5.24%

	
2.94%

	
1.11%

	
0.05%

	
0.13%

	
2.26%




	
19

	
Fraction of use that is free

	
(R + No)/U

	
93.49%

	
79.09%

	
74.51%

	
85.17%

	
84.14%

	
87.21%

	
75.24%

	
57.18%

	
5.38 × 10−1




	
20

	
Ratio of concentrated to rural

	
(F + G + P2I + N2)/(R + N0 + N1)

	
0.07

	
0.26

	
0.34

	
0.17

	
0.19

	
0.15

	
0.33

	
0.75

	
0.86




	
21

	
Use per unit area, empower density

	
U/(area-m2)

	
1.38 × 1012

	
1.63 × 1012

	
1.73 × 1012

	
1.51 × 1012

	
1.53 × 1012

	
1.48 × 1012

	
1.71 × 1012

	
2.25 × 1012

	
2.40 × 1012




	
22

	
Emergy use per person (EUP)

	
U/population

	
8.33 × 1015

	
8.08 × 1015

	
7.45 × 1015

	
5.52 × 1015

	
7.12 × 1015

	
4.64 × 1015

	
4.78 × 1015

	
5.18 × 1015

	
5.30 × 1015




	
23

	
Renewable carrying capacity at present living standard

	
(R/U) *(population)

	
4.07 × 106

	
4.20 × 106

	
4.55 × 106

	
6.14 × 106

	
4.76 × 106

	
7.32 × 106

	
7.09 × 106

	
6.55 × 106

	
6.41 × 106




	
24

	
Developed carrying capacity at same living standard

	
8(R/U) *(population)

	
3.26 × 107

	
3.36 × 107

	
3.64 × 107

	
4.92 × 107

	
3.81 × 107

	
5.86 × 107

	
5.68 × 107

	
5.24 × 107

	
5.13 × 107




	
25

	
Ratio of electricity to use

	
(el)/U

	
0.20%

	
0.29%

	
0.26%

	
0.44%

	
0.19%

	
0.52%

	
0.40%

	
0.80%

	
1.41%




	
26

	
Fuel use per person

	
fuel/Population

	
1.94 × 1013

	
3.13 × 1013

	
3.58 × 1013

	
3.12 × 1013

	
2.60 × 1013

	
2.74 × 1013

	
3.04 × 1013

	
5.53 × 1013

	
6.80 × 1013




	
27

	
Ratio Rwanda to world emdollar

	
P1/P2

	
3.24

	
1.92

	
1.21

	
1.15

	
2.92

	
10.08

	
8.46

	
5.04

	
4.54
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Table A3. Summary of flows in the Rwandan economy (1975–2012).
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Item

	
Unit

	
Pre-Genocide

	
Post-Genocide




	
1975

	
1981

	
1985

	
1990

	
1995

	
2000

	
2005

	
2012

	
2016






	
R

	
Renewable sources

	
sej/yr

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022

	
3.39 × 1022




	
N

	
Non-renewable Resources

	
sej/yr

	
3.21 × 1018

	
3.21 × 1018

	
4.73 × 1018

	
4.69 × 1018

	
3.35 × 1018

	
3.50 × 1018

	
4.38 × 1018

	
4.73 × 1018

	
4.65 × 1019




	
NO

	
Local Disposal resources

	
sej/yr

	
3.21 × 1018

	
3.21 × 1018

	
3.21 × 1018

	
3.21 × 1018

	
3.21 × 1018

	
3.21 × 1018

	
3.21 × 1018

	
3.21 × 1018

	
3.21 × 1018




	
N1

	
Local Concentrated use

	
sej/yr

	
0.00

	
0.00

	
1.53 × 1018

	
1.48 × 1018

	
1.43 × 1017

	
2.98 × 1017

	
1.17 × 1018

	
1.53 × 1018

	
4.33 × 1019




	
N2

	
Export of unprocessed material

	
sej/yr

	
9.90 × 1018

	
6.77 × 1018

	
4.57 × 1018

	
2.99 × 1018

	
5.12 × 1017

	
3.00 × 1018

	
1.53 × 1019

	
2.40 × 1019

	
7.38 × 1018




	
F

	
Fuels (J)

	
sej/yr

	
8.45 × 1019

	
1.66 × 1020

	
2.19 × 1020

	
2.25 × 1020

	
1.47 × 1020

	
2.30 × 1020

	
3.08 × 1020

	
6.60 × 1020

	
8.11 × 1020




	
E

	
Dollars paid for imports

	
$

	
8.38 × 107

	
1.92 × 108

	
2.22 × 108

	
2.92 × 108

	
2.31 × 108

	
2.41 × 108

	
2.99 × 108

	
1.85 × 109

	
2.02 × 109




	
E3

	
Dollars paid for import services

	
$

	
1.74 × 107

	
1.53 × 108

	
1.19 × 108

	
1.09 × 108

	
1.03 × 108

	
2.98 × 108

	
3.35 × 108

	
4.63 × 107

	
2.25 × 109




	
G

	
Import Goods

	
sej/yr

	
1.95 × 1021

	
6.52 × 1021

	
8.90 × 1021

	
3.60 × 1021

	
5.07 × 1021

	
4.32 × 1021

	
1.08 × 1022

	
2.47 × 1022

	
2.69 × 1022




	
P2E

	
Import Services

	
sej/yr

	
3.25 × 1020

	
2.28 × 1021

	
2.49 × 1021

	
2.09 × 1021

	
1.19 × 1021

	
4.43 × 1020

	
2.29 × 1019

	
7.69 × 1019

	
1.42 × 1021




	
I

	
Dollars received for exports

	
$

	
4.20 × 107

	
7.42 × 107

	
1.40 × 108

	
1.05 × 108

	
5.97 × 107

	
5.66 × 107

	
8.44 × 107

	
4.83 × 108

	
5.99 × 108




	
I3

	
Dollars paid for export services

	
$

	
1.05 × 107

	
6.41 × 107

	
4.53 × 107

	
3.79 × 107

	
6.91 × 106

	
5.30 × 107

	
3.49 × 107

	
4.47 × 108

	
9.97 × 108




	
B+N2

	
Export Goods

	
sej/yr

	
8.89 × 1019

	
2.17 × 1020

	
3.87 × 1020

	
2.21 × 1020

	
2.50 × 1020

	
1.37 × 1020

	
4.30 × 1021

	
1.15 × 1022

	
1.10 × 1021




	
P1I

	
Export Services

	
sej/yr

	
6.35 × 1020

	
1.83 × 1021

	
1.15 × 1021

	
8.39 × 1020

	
2.32 × 1020

	
1.21 × 1021

	
6.05 × 1020

	
3.73 × 1021

	
7.51 × 1021




	
B

	
Export products transformed within

	
sej/yr

	
7.90 × 1019

	
8.77 × 1019

	
9.92 × 1019

	
1.01 × 1020

	
4.60 × 1019

	
5.52 × 1019

	
1.26 × 1020

	
1.77 × 1020

	
8.10 × 1019




	
P2

	
World emdollar

	
sej/$

	
1.87 × 1013

	
1.49 × 1013

	
2.09 × 1013

	
1.92 × 1013

	
1.15 × 1013

	
2.27 × 1012

	
2.05 × 1012

	
1.66 × 1012

	
1.66 × 1012




	
P1

	
Rwanda emdollar

	
sej/$

	
6.05 × 1013

	
2.86 × 1013

	
2.53 × 1013

	
2.21 × 1013

	
3.36 × 1013

	
2.29 × 1013

	
1.73 × 1013

	
8.24 × 1012

	
7.54 × 1012




	

	
GNP ($)

	
$

	
6.00 × 108

	
1.50 × 109

	
1.80 × 109

	
1.80 × 109

	
1.20 × 109

	
1.70 × 109

	
2.60 × 109

	
7.10 × 109

	
8.38 × 109
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Figure 1. The location of Rwanda. 
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Figure 2. The aggregated resource flows of the Rwandan economy. 
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Figure 3. The emergy use per person (EUP). 
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Figure 4. The Rwandan emergy dollar (emdollar). 
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Figure 5. The imbalance between Rwanda and its foreign trading partners. 
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Figure 6. The variation of environmental loading ratio and emergy yield ratio. 
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Figure 7. The trend of the emergy investment ratio. 
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Figure 8. The variation of emergy self-support ratio and emergy Sustainability Index from 1975 to 2016. 
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Figure 9. The trend of carrying capacity. 
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Table 1. Emergy indicators for Rwanda and other selected countries of the world.
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	Country
	Total Emergy Use E20sej/Year
	Emergy Use Per Person E15sej/Person
	Emergy/Money Ratio E12sej/USD
	Empower Density E11 sej/m2/Year
	Emergy Import/Export
	Emergy Self-Support Ratio (%)
	Environmental Loading Ratio
	The Ratio of Electricity to Use %
	Emergy Sustainable Index (ESI)





	Rwanda/2016 *
	631
	5.3
	7.54
	23.97
	3.38
	54
	0.86
	1.4
	2.52



	Canada/2011 a
	57,200
	173
	4.22
	5.99
	0.46
	76
	2.3
	-
	1.59



	Portugal/2009 b
	14,500
	136
	1.18
	157.00
	0.97
	54
	22.57
	-
	0.10



	Italy/2008 c
	33,700
	55.2
	2.15
	110.00
	1.60
	-
	15.80
	-
	0.09



	Brazil/2008 c
	40,000
	21.0
	2.75
	4.69
	0.75
	-
	0.25
	-
	23.82



	China/ 2004 **
	192,400
	15.3
	12.0
	20.76
	0.64
	81
	9.29
	8.84
	



	Australia **
	8850
	59.0
	6.4
	1.42
	0.39
	92
	0.86
	6.8
	-



	Dominica **
	7
	13.0
	14.9
	8.80
	0.84
	69
	2.67
	<0.01
	-



	Ecuador **
	964
	10.7
	8.7
	3.40
	0.20
	94
	0.54
	3.2
	-



	India **
	6750
	1.0
	6.4
	2.05
	1.45
	88
	1.02
	10
	-



	Japan **
	15,300
	12.6
	2.1
	41.09
	4.2
	31
	8.34
	26.1
	-



	Liberia **
	465
	26.0
	34.5
	4.10
	0.15
	92
	0.09
	1.0
	-



	Netherlands **
	3702
	26.0
	2.2
	100.00
	4.30
	23
	15.9
	10.0
	-



	Papua N. Guinea **
	1216
	35.0
	48
	2.63
	0.09
	96
	0.15
	0.8
	-



	Poland **
	964
	9.6
	6
	10.60
	0.65
	66
	19.78
	18.0
	-



	Spain **
	2090
	6.0
	1.6
	3.12
	2.30
	24
	7.20
	22.0
	-



	Sweden **
	4110
	48.0
	2.6
	10.00
	1.30
	46
	7.04
	23.5
	-



	Switzerland **
	733
	12.0
	0.7
	17.70
	3.20
	19
	7.44
	32.0
	-



	Thailand **
	1509
	3.2
	3.7
	2.15
	0.54
	70
	1.04
	10.8
	-



	USA **
	117,800
	41.9
	1.19
	12.53
	1.27
	72
	5.85
	3.8
	-







* Current study; ** Extracted from Jiang et al. [47], a Hossaini and Hewage [18], b Hossaini and Hewage [19], c Pereira et al. [54].
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