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Abstract:

 A widespread dissemination of improved cooking stoves in the developing world can lead to considerable improvement of health, to reduced pressure on natural woody resources and to substantial reductions of emissions contributing to global warming. A number of programs have aimed to achieve such dissemination, while few of the programs have had any large-scale success. It has been suggested that a more commercial approach, as opposed to subsidized or freely distributed stoves, would achieve a higher level of success. However, a majority of the households that would benefit from an improved stove are poor and cannot afford the cost of the stove, especially if no monetary savings are possible from a more efficient fuel use, i.e., if the fuel used is collected biomass. The aim of this paper is to propose and evaluate a model that might overcome some of the barriers previous programs have experienced. The proposed model involves commercialization of collected fuels. The methods for evaluation include a qualitative assessment of the proposed model aided by the literature on improved cooking stove programs, fuel wood collection and fuel switching together with a quantitative simplistic model calculation of a hypothetical application of the proposed model principles, in order to assess its financial feasibility. The assessment indicates that the model would increase both households’ incentives and means to purchase and use improved cooking stoves. Furthermore, the model could possibly be partly financed based on carbon credits achieved from the reduction of greenhouse gas emissions.
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1. Introduction

Solid biomass continues to be the main fuel for a majority of households in rural areas in the developing world [1]. The biomass is usually combusted in open fires or in inefficient stoves. This leads to emissions that pose severe health risks [2,3]. The inefficient combustion also leads to the formation of compounds, such as methane (CH4) and black carbon (BC). BC is an aerosol becoming increasingly recognized as one of the main compounds contributing to global warming, although the mechanism is complex and the forcing varies regionally [4,5,6,7,8].

In Asia (excluding the Middle East and Russia), the annual amount of biomass used in residential applications is about 470 Mtoe. This equals about half of all coal used in the region for electricity generation. Excluding China, the figures are of the same order, 270 and 260 Mtoe, respectively. In Africa, in energy terms, the residential biomass use is about four times larger than the coal used for electricity production [9]. Hence, compared to other sources of primary energy, residential use of collected biomass constitutes a major share of the total energy demand in many countries. It is, however, utilized at very low conversion efficiencies. One option for increasing the efficiency of biomass utilization and to reduce emissions is the dissemination and use of improved cooking stoves (ICSs) [10].

There is evidence, both from studies of ICS programs [11] and from studies of rural fuel choices [12,13], that households in urban areas are more prone to adopt ICSs or start to use more modern fuels, such as liquefied petroleum gas (LPG). Urban households have fewer possibilities to collect fuel wood, implying that they are already to a large extent purchasing fuels. Hence, more efficient fuel utilization has direct economic gains. Furthermore, in an urban setting, occupation away from agriculture is more likely, implying a higher opportunity cost of time.

In rural areas, on the other hand, biomass fuels are generally, but not always, more readily available for collection, incomes are generally lower, and there are fewer income generating occupations. Hence, short-term incentives for increased energy efficiency of cooking are likely lower. Although it is sometimes pointed out that the potential long-term benefits from stove or fuel switching through health improvements and time savings in the end would lead to financial gains for the households [14], this may not be enough to convince households in the short term (many of these stoves demand comparatively large initial investments) or may not generate monetary savings fast enough to sustain a market for ICSs or modern fuels.

Nonetheless, also in rural areas, higher income households are more prone to switch fuels or to use an ICS [11,15]. This is also confirmed in studies of companies trying to commercialize cooking stoves. In a study in India, none of the studied companies were targeting the poorest households, since these households could not afford to buy the stoves and/or the accompanying fuel [16]. Hanna et al. [17] reported that few households are willing to invest in an ICS, even if the stoves are subsidized. This was also reported by Mobarak et al. [18]. ICS projects often chose cheap solutions in order to make the stoves affordable, but these stoves may fail both to improve indoor air quality and to reduce fuel use [17] since the stoves are not of sufficient quality. ICSs come in many shapes and with varying performances; from simple, locally-produced mud stoves, to factory produced rocket stoves and gasifier stoves. In a gasifier stove, the fuel is first gasified in a chamber with an oxygen deficit, creating syngas (CO and H2), which, in a second step, is used as a gaseous fuel for cooking. In terms of the decrease of particle emissions damaging to health, the gasifier stove has been shown to be superior to other ICS options in laboratory tests [10]. There might thus be a need for programs allowing households to purchase more expensive stoves, which actually make a clear difference.

Many ICS programs have so far had a low rate of success [19]. Shepherd [20] explains the low rate of success of the early programs by the fact that they focused on rural areas, where the stove will not result in monetary savings, but only in time savings. Another explanation for why programs disseminating stoves for free or heavily subsidized fail may be that stove designs have not properly reflected households’ cooking needs. In a recent study in India, where stoves were handed out in a randomized experiment, there were some positive effects on indoor air pollution during the first year, but this effect deteriorated quickly because of poor maintenance. The study concluded that the households who spent time and money on stove maintenance actually lost in total welfare, since the low improvements in reduced air pollution and increased efficiencies did not outweigh the cost of maintenance [17]. In another recent study, where stoves, although of higher quality, also were handed out randomly in Senegal, a reduction of 30% in fuel wood use was observed [21]. There may thus be large impact differences between stove types and between various deployment areas.

At the same time, as large amounts of biomass are combusted inefficiently for residential use with severe health impacts, many nations today aim at increasing their usage of biomass for electricity generation and/or transport biofuel production, both to address the threats of global warming, but also due to an increased interest in national energy security. However, biomass-based electricity generation is generally more expensive than coal-based, partly because of a higher price per unit of energy for biomass compared to coal [22]. Furthermore, worries have been voiced that an increased supply of biomass met through plantations will outcompete food production and, thus, lead to higher food prices, targeting especially poor landless households, e.g., [23].

As a part of the Kyoto Protocol, the Clean Development Mechanism (CDM) has provided the opportunity to support carbon emission reductions in the developing world in order to obtain certified emission reductions (CERs) that can be traded on the carbon market. By design, CDM is a market-based mechanism that should utilize low cost options for the reduction of greenhouse gases (GHG) while at the same time contributing to local sustainability and technology transfer [24]. However, many CDM projects have been criticized for not living up to these expectations. Criticisms include that the projects do little to combat global warming and that they are not contributing to technology transfer and do little for local sustainability, both in terms of benefits for local inhabitants, such as health and income, but also in terms of local environmental improvement [25,26,27]. Furthermore, many of the projects have been criticized for not being additional [24], meaning that the projects would likely have been carried out also in the absence of CDM support [28]. Although the future of CDM is currently uncertain, a continuation of carbon credit schemes for project funding in the developing world is likely. Special funds for financing of the reduction of short-lived climate gases are currently being established through the Climate and Clean Air Coalition (CCAC) and the World Bank.

Funding of ICSs may be an attractive option, since this is clearly supporting local sustainability and, in light of the limited self-induced dissemination of ICSs [15], could be seen as additional. Current ICS projects are funded though carbon credits based on the assumption that the ICSs reduce deforestation, implying that ICS projects based on carbon credits only are possible in areas with deforestation. However, the compound emitted from inefficient combustion of biomass, which often has the largest impact on the climate, BC, is not included in the Kyoto Protocol [29]. Furthermore, most programs based on subsidized ICSs have been met with a low level of success, and there is a risk that these programs undermine business opportunities for local companies trying to achieve a sustainable business model for ICSs. On the other hand, a majority of those that would benefit from an ICS are the rural poor of the developing world who can seldom afford to buy their stove of choice. Bailis et al. [15] warn against solely relying on commercialized ICS dissemination models.

Considering the difficulties ICS programs have faced in the past in rural areas where biomass is collected rather than purchased together with the often hard task of finding alternative occupation, would it instead be possible to regard rural household’s biomass collection as work consisting of the gathering of a renewable fuel in the form of collectable biomass; twigs, branches and agricultural residues? The problem is then that the fruit of the labor is an inefficient means of cooking, releasing harmful particles that are the cause of death and disease and, although it can be viewed as a renewable energy source, contributes to global warming through various products of incomplete combustion; e.g., CH4 and BC [10].

The question that arises is then if it would be possible to create a framework where the rural households perform the same work, but instead would be given a means to obtain an efficient way of cooking, which is less harmful for health, together with monetary compensation for the work, and where a part of the collected biomass is instead used in more energy-efficient conversion devices.

Models for improving rural livelihoods through energy-related business models have been proposed, i.e., [30,31]. Others explore the possibilities of using CDM-funded projects for forest plantations and rural development [32]. Various solutions to reach the bottom of the pyramid, the poorest households, with energy services has been discussed, e.g., [33], though reaching the poorest households is generally problematic, not the least of this being true with regards to ICSs [16].

In this paper, we propose a model partly based on experiences from China [11,34,35], where initial forcing policies in the end resulted in a continuous usage of ICSs, and partly based on the findings that in urban areas in other countries, households have themselves purchased ICS stoves or moved up the fuel ladder, since fuel wood is a traded commodity, and demand-side efficiency measures thus lead to saved costs [11,15]. The model proposed in this paper aims to mimic these conditions. The basic principle behind the proposed model is to allow the poor households to either get economic revenues from their collected fuels or to allow them to trade their collected fuels for a more efficient and less polluting fuel, and for money. In this way the problem of disturbing the market by stove subsidies may be sidestepped, and at the same time, monetary incentives for the households to use the fuel more efficiently are created. Further, the model is based on a systems expansion, since the deployment of ICS is addressed by involving an external buyer of the excess fuel wood, and it is this external buyer who is providing the monetary payments to the ICS users. This external buyer is assumed to be a thermal power plant.

The proposed model aims to increase the adoption of ICSs, raise rural living standards and provide a low carbon fuel for electricity generation. However, there are issues arising in response to the proposed model. One such issue is that there is a risk of a higher outtake of fuel wood due to the fuel wood pricing, implying a risk of deforestation. A further issue is whether the compensation to households is sufficient to actually influence households’ incentives. A third issue is if the revenues from carbon credits and sales of biomass can cover the logistics cost of the model implementation. Thus, the aim of this article is both to propose and present a conceptual model and to perform a preliminary assessment of an implementation of this model, including qualitative evaluations of the risk of deforestation and households’ possible responses to the option of selling collected biomass and a quantitative assessment of its financial feasibility. The qualitative evaluations are carried out aided by the literature on ICS programs, rural households’ fuel choices and fuel wood collection, and a simplistic model calculation of a possible model implementation is undertaken to determine its financial feasibility.

Section 2 presents the proposed conceptual model together with a possible model implementation. In Section 3, a method for calculation of the economic flows and emission impacts of the model is presented, and Section 4 presents the calculation results of the model implementation. Possible caveats of the model, such as the risk of deforestation and the households’ anticipated response, are discussed in Section 5, and finally, in Section 6, conclusions are presented.



2. The Proposed Model

The main principle behind the model is to create a price for collected biomass to allow households to trade excess biomass, thus giving them economic incentives for energy efficiency gains. This would initially provide revenues, which could cover costs for stove purchasing and repair, and, in the longer term, an added income. A price for the collected biomass that is higher than the current opportunity cost of fuel wood collection, or the current market price if any, would give stronger incentives for rural households to make efforts for increased stove efficiency.

Households already used to purchase fuels for cooking are more likely to purchase and use an ICS, since a more efficient utilization of the purchased fuel leads to direct monetary savings [11]. In the same way, the provision of an opportunity for the rural population to sell their collected fuel wood would give incentives for more efficient biomass use, since unused fuel wood may instead be sold.

In a review of studies of ICS adoption income, access to credit, the price of fuel wood, social status, education and household size were found to be significant factors in several of the studies [36]. The first three of these factors are of particular interest to the current model, although the paper also found some disparities between modeling approaches, and the factors influencing ICS adoption may be complex and not yet fully understood.

A recent study has also pointed out liquidity constraints as a main barrier [37]. Although many households are often already paying a high opportunity cost for the collected fuel wood, fuel wood savings might not directly lead to sufficient short-term monetary revenues to enable a stove purchase. Further, the person in charge of the household economy may not be involved in fuel gathering and cooking activities and may therefore not sufficiently value the possibilities of time savings [38].

By enforcing a rule stating that only households with an ICS installed are allowed to sell fuel wood at the higher price, sufficient incentives for the households to install an ICS may be created (if the revenues of fuel wood sales results in a short enough payback time). In this way, the model would resemble many aspects of the Chinese program described by Smith et al. [34]. By sustaining a possibility to make money from using less biomass, incentives for maintaining a high fuel efficiency are provided, thereby mimicking the situation in places where biomass is purchased, as in more urban areas, where ICS programs historically have been more successful [11,15]. Furthermore, by providing an income source from trading the biomass, the liquidity barrier is lowered. It should be pointed out that the barriers possibly overcome by the proposed model are by no means the only possible barriers for ICS adoption; see, for example, [39] for a discussion.

In the proposed model, demand for biomass for electricity, or heat and power, is part of the price creating mechanism. Thus, the model also requires a system and infrastructure for biomass transport from villages to decentralized or centralized power or heat and power plants. A schematic diagram of an application of the proposed model is presented in Figure 1.

Figure 1. Schematic presentation of the proposed model. Red arrows represent collected biomass and green arrows represent monetary flows.
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The Program represents a body, which acts as an intermediary between electricity producers, such as a power plant and the households. In a pure market model, such an intermediary body would not be required, but since carbon credits are still mainly dealt with on a program basis, we have included this body here. This body also represents the possibly needed monitoring and may act as a financial intermediary facilitating the purchase of both ICSs and vehicles for biomass transport.

In a simple application of the model, the excess fuel wood, gathered by the households, but not needed by the households for cooking due to the use of ICSs, is collected from households or from a central site in each village by trucks and then transported to a biomass demand facility. This biomass demand facility is assumed to be the abovementioned power plant, or a combined heat and power plant, buying the biomass from the households. The plant may either be a large coal power plant, in which a certain amount of biomass can be co-combusted, thereby reducing coal demand [40], or a smaller biomass power or heat and power plant. In the model application, we assume a system where biomass needs first to be collected at the households, using small trucks, and transported to intermediary storage, where, then, larger trucks perform the transport to the power plant. Should the village structure be denser, collection with a large truck may be sufficient. Although more complex solutions in terms of utilization of the collected biomass would be possible, including distributed generation facilities, intermediate pelletization or torrefaction of biomass, here we consider a simple application of the model design despite that this might not be an optimized design, which would depend on local conditions. In this example, we try to model a logistics system, where houses are separated, but still connected by dirt roads.

The model would result in demand side (households’ biomass cooking) energy efficiency due to the adoption of ICSs and supply-side (electricity generation) carbon intensity reductions when biomass substitutes coal in power generation. Reductions of greenhouse gas emissions (GHGs) would then be achieved due to the ICS adoption, reduced emissions of CH4 and BC and reduced CO2 emissions related to the fuel substitution in the power generation. Assuming carbon neutral biomass harvests, an issue that will be further discussed later, there are thus two different contributions to GHG emission reductions that both may attract carbon market funds, either through CDM, a future CDM replacement or through alternative markets specializing in short-lived climate warming agents, as the recently established GACC fund [41].

In addition to the critical issues mentioned at the end of the previous section relating to the general concept, there are a few more issues relating to the specific model application presented in the present section. In particular, the successful application of the proposed model suggests the requirement of a certain infrastructural and institutional level, e.g., with regards to road standards and thermal power plant sites located not too far away from the ICS deployment site. Further, the proposed model is better suited for countries with increasing forest resources and possibly also with policies for the use of biomass for electricity generation in place. Thus, countries suitable for the model application are, e.g., China and SE Asian countries, rather than Sub-Saharan African countries.



3. Emissions and Income Calculations Based on the Model Principles


3.1. Calculation Methods

Here, a simple calculation of revenue streams is outlined in order to address the financial feasibility of the model application example presented in Section 2. The calculations are performed based on units of traded biomass, where traded biomass equals the amount of biomass sold by the households and then transported to the site of the power plant. Revenues are obtained from selling the biomass to the power plant and from selling carbon credits. The costs result from the logistics operation. The result of the calculation, the calculated profit, should be a sufficient compensation for the households for the work carried out and also cover costs for program monitoring.

The total profit, calculated per ton of traded biomass, is given by:
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(1)




where P is profit, R is the revenue for the sold biomass, CST is the cost for collection with small trucks and CLT is the cost for collection with large trucks, ET is the emission reductions in CO2-equivalents (CO2eq) and CER is the price per ton CO2eq saved.
The cost for collection with trucks per ton of traded biomass is calculated as:
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(2)




where A is the annualized investment cost, M is the annual maintenance cost, YD is the annually driven distance, FC is the fuel consumption per driven distance, YT is the time annually that the engine is assumed to run idle and FI is the assumed fuel consumption while idling per time unit, FP is fuel price, DS is the annual salary for the driver and YTB is the total mass of annually transported biomass. The YTB for small trucks is based on the number of households the truck can visit and how much wood that is collected each time, while the YTB for large trucks is based on one fully-loaded truck per working day constrained by the maximum load volume and weight. YT and FI are assumed to only apply to the collection with small trucks, which involves many stops and where the motor might not always be turned off during loading.
The reduction of greenhouse agents per ton of traded biomass, ET, is given by:
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(3)




where EB is the emissions per ton of biomass from traditional cooking, EICS is the emissions from cooking with the ICS per ton of biomass, RF represents the efficiency gain (expressed as the quotient when dividing the efficiency of the ICS with that of traditional cooking) due to the ICS introduction, EST and ELT are the emissions from trucks calculated per amount of fuel used yearly divided by YTB and EEC is the emission reduction due to decreased coal use at the power plant (per transported ton of biomass). All emissions are presented and calculated in CO2eq, hence assumptions on how to recalculate BC to CO2eq are needed. Finally, a brief sensitivity analysis is carried out testing the sensitivity to different assumptions and to different CER levels.


3.2. Assumptions

Since the conceptual model and the application of the model are not based on any real cases, assumptions are required to calculate the revenue streams. The key assumptions are presented below and in Table 1. After the presentation of each of the key assumptions, the sensitivity tests carried out are presented.


Table 1. Assumptions for calculations.



	
Fuel Wood

	
Household daily wood consumption

	
Mean: 10 kg




	
Price when sold to energy company

	
1€/GJ




	
Density of piled wood

	
0.3 ton/m3




	
Diesel Cost

	

	
1€/L




	
Drivers

	
Annual salary

	
2000€




	
Work hours

	
160 h/month




	
Small Truck

	
Annualized investment cost

	
2000€/Year




	
Maintenance cost

	
2000€/year




	
Load

	
1.8 ton




	
Fuel consumption

	
0.2 L/km




	
Truck idling

	
1.5 L/h [43]




	
Household visits

	
3–6/h




	
Average distance between households

	
200 m




	
Large truck

	
Annualized investment cost

	
10,000€/Year




	
Maintenance cost

	
10,000€/Year




	
Load weight

	
30 ton




	
Load volume

	
100 m3




	
Fuel consumption

	
0.6 L/km




	
Villages visited

	
1/day




	
Average distance between villages and power plant

	
100 km









The price that the power plant would be paying for the purchased biomass is based on the coal price, currently 2–3€/GJ (World Energy Outlook 2013 (Price was originally given in USD. A 2013 mean value has been used for conversion: 1€ = 0.75$)); however, a conservative assumption is made, and it is assumed that the biomass can be sold at a price of only 1€ per GJ (15€ per ton of biomass), which is in the lower range of estimated present and future costs for global biomass production from energy crops [22]. The sensitivity of these assumptions is tested when the price is doubled to 2€/GJ.

We assume that a large truck can visit one village each day and load up fully and that the one-way distance from the village to the final destination is 100 km. The need for collection with smaller trucks is based on an assumed setting with separated households, while a more clustered village structure would allow for direct collection with large trucks. In addition to their CO2 emissions, the trucks carrying the biomass from the villages are also emitting BC. We use the median value found for trucks in China [42], although newer trucks have lower emissions. In our base case, we are assuming that households are visited once per week and that the small trucks can visit six households per hour. This assumption is, however, tested, and the impact on the results of a slow collection rate of only three households per hour and the case of a dense village where no small trucks are needed at all are investigated.



In the calculations, we assume that a modified coal power plant uses the biomass through co-firing. Utilization of up to 10%–15% of wood (on a heating value basis) does not decrease the conversion efficiency more than 1.5% [40]. The practice of co-firing currently exists, mainly in Europe [40]. The investment costs for modifying a coal power plant to be able to handle co-firing (40–225€/kW biomass capacity (values are for direct co-firing and low levels of biomass)) [44] calculated per ton of biomass (over the plant lifetime) is comparable with the other costs in Equation and this extra cost is also taken into account when assuming a very low price for the biomass sold to the power plant.

The future of the CDM mechanism (and other carbon markets) is uncertain, and so is the price for future CERs. However, the transfer of funds from developed to developing countries for carbon mitigation in a post-Kyoto CDM or a similar mechanism is likely also in future climate policy agreements, and the existence of such a mechanism in the future is thus assumed. Mechanisms for funding of the reduction of BC emissions are more uncertain, since they do not exist today. However, BC mitigation has gained increased attention, and there are recent initiatives aimed towards this goal [45].

The price of CERs has decreased from above 20€/ton CO2eq in mid-2008 [46] to around only 1€/ton CO2eq in October, 2012 [47]. Here, we use CER prices within this range with a base CER assumption of 10€ per ton CO2eq, and as a sensitivity analysis we vary the CER price between 0 and 20€/ton CO2eq. CERs are assumed to be obtainable both from GHGs included in the Kyoto Protocol and for BC emissions. We assume the same level of funding based on CO2-equivalents using the GWP100 (Global Warming Potential for 100 year interval) scale for the BC emission. The highest CER price assumed (20€/ton CO2eq) is still well below future cost estimates for carbon capture and storage and other mitigation options; see e.g., [48,49].

There are a number of ICS designs. Based on the limited success of previous programs with low quality stoves, where, often, price has been chosen over quality [17], and given that one of the aims of the proposed model is to facilitate households to be able to afford more efficient and convenient stove types having the potential to make a significant difference, our assumption for the calculations is a modern gasifier ICS. This is the only design that reduces particle emissions to levels approaching those of an LPG stove [10]. However, the revenue assumed from selling CERs based on reduced emissions from households’ cooking is uncertain due to two reasons. Firstly, the usage of the ICSs in households may differ substantially from lab setups, making actual reduction uncertain at present. Furthermore, any compensation for such reductions is uncertain, due to the fact that no such framework for BC emissions is currently in place. In order to take the larger uncertainty with regards to BC credits into account, calculations without any CER due to emission reductions within the households (due to ICS adoption) are carried out.

The households’ consumption of biomass for cooking per day is assumed to decrease from 10 kg to 5 kg with the ICS adoption. We further assume that the Program has established a quota on the amount the households are allowed to trade to the program to 10 kg a day and that the households actually also trade this amount. This assumption is tested in the sensitivity analysis when we assume that households only trade the amount of biomass saved due to the ICS adoption, i.e., they do not increase their gathering. This may be either due to a restricted quota or due to the households being unable or unwilling to increase their gathering.

We are assuming an efficiency improvement factor of two as a consequence of the ICS adoption (see Table 2). This value is however based on laboratory measurements and may not be reached in real-life applications. Therefore, a reduction of the efficiency improvement factor to 1.5 and the emission level to 0.815 (the average of values for traditional cooking and the ICS in the laboratory results) is tested in a sensitivity calculation. Finally, the assumption of the density of piled wood is reduced to 0.15 ton per m3 (half the value given in Table 1).


Table 2. Global Warming Potential (GWP)-emissions of the Improved Cooking Stove (ICS) compared to a traditional tripod (calculated from values compiled by Grieshop et al. [10]).



	
kgCO2eq per kg Fuel

	
Efficiency Improvement Factor






	
Tripod

	
1.45 1

	
1




	
ICS (gasifier stove)

	
0.18 1

	
2






1 Gathered biomass is assumed to be carbon neutral. All emitted black carbon (BC) is assumed to reach the atmosphere. Included emissions are CO and CH4, (included in the Kyoto Protocol) and BC, organic carbon (negative) and NMHCs (Non-methane hydrocarbons) (not included in the Kyoto Protocol). The total emissions (in kgCO2eq per kg) are calculated as the sum of the different emitted compounds given as gC per kg from [10] as [image: there is no content] , where [image: there is no content] is the GWP value for emission i, [image: there is no content] is the total molecular weight related to the weight of carbon atoms in the molecule and [image: there is no content] is the kg of C carbon ending up in emission i. GWP values for BC and organic carbon are assumed as 455 and −35 GWP100, respectively [50], in the lower range of current estimations.









4. Results of Cost Calculations


4.1. Emissions

As discussed above, the model would lead to reductions of CO2eq emissions in two instances, both due to the improved combustion efficiency in households’ cooking and due to displacement of coal in electricity generation. The resulting emission reductions per amount of traded biomass for the different posts are presented in Table 3.

Table 3. Emissions reductions (kg CO2eq) per amount of traded biomass (kg).


	ICS
	1.36 *



	Displaced coal
	1.65 **



	Small truck
	−0.022



	Large truck
	−0.012





* Assuming that households sell an amount equal to what they used each day before the program (10 kg/day); ** Assuming 15 GJ/ton biomass and 30 GJ/ton coal (each ton of biomass displaces 0.5 ton of coal). The carbon content of coal is assumed to be 0.9.








4.2. Profit

The results of the profit calculation, Equation (1), are presented in Table 4 and Figure 2. The middle column (CER = 10), top row, of Table 4 corresponds to Figure 2. For further details regarding the results (base assumptions) of the assumed costs for different aspects of the collection with trucks, see Figure 3. The results are presented for various parameter assumptions, as discussed in Section 3. The calculations show a positive economic result for most assumptions at CER levels of 10 and 20€/ton CO2-equivalents. When the value of carbon credits is zero, the results become slightly negative for most assumptions. In the next section, we discuss whether or not these results are sufficient for both the acquirement of an ICS and for compensation for the work carried out. One result that might need some explanation is the increase of profit per traded biomass when households are assumed to sell only 5 kg/day. This is because the amount of the revenue from reduced emissions due to the ICS adoption is distributed over a reduced amount of traded biomass.

Figure 2. Costs, revenues and total profit of the presented model application under base assumption displayed for the individual posts.
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Figure 3. Base case results for the costs of the collection with the small and large trucks.
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Table 4. Profit, P, in€/ton traded biomass, for different assumptions of truck collections rates and CER prices. Six households (HH) per hour is the assumed small truck collection rate for all but the second and third rows.


	Cases
	CER = 0
	CER = 10
	CER = 20





	Small truck collection rate: 6 HH/h
	−3
	26
	56



	2€/GJ biomass
	12
	41
	71



	Small truck collection rate: 3 HH/h
	−14
	15
	45



	No small truck (cluster village structure)
	8
	38
	68



	No CERS from ICS emission reductions
	−3
	13
	29



	Households trade 5 kg/day
	−15
	28
	72



	Lower stove performance
	−3
	22
	47



	Wood density halved
	−10
	20
	49














It should also be stressed that the presented profit calculations are simplified and does not reflect the full complexity concerning household costs and benefits, which often depend on stove type, cooking and social practices and may vary both between households and areas; see [51] for an exploration of the set of parameters affecting the costs and benefits of ICS adoption.




5. Discussion


5.1. Compensation to Households

The profit, P in Equation 1, needs to be sufficiently large, not only to provide reasonable additional economic compensation to the households, but also to cover any needed monitoring and Program overhead. Therefore, we need to calculate the gatherers’ potential profit from the traded biomass and compare this with available values of monetary compensations in rural areas. In order to make such a calculation, the fuel wood gathering rate is required. Amacher et al. [52] provides estimates for fuel wood gathering rates in different areas in Nepal; 7 kg of wood per hour in the Terai and 33 kg per hour in the hills, indicating large differences between areas. Since the proposed model is mainly aimed at areas without biomass shortages, a fuel wood collection rate of 10 kg/h is assumed.

Minimum monthly wages in the textile industries in South and South East Asia vary from about 50€ per month in India and Bangladesh, 73€ in Cambodia, 82€ in Indonesia to 175 and 196€ in China and Malaysia, respectively, based on 48 h work weeks [53]. This translates to hourly wages from 0.25€ (Bangladesh) to 0.95€ (Malaysia). Hence, the proposed model, under the assumptions outlined in Section 3, may be able to provide attractive compensation in some of these countries.

The above assumed 10 kg/h collection rate then requires a compensation at 25€/ton traded biomass to reach the minimum wages in India and Bangladesh. This level appears to be obtainable for several of the parameter assumptions if climate funding based on CERs is obtained and is close to the results for the base case assumptions, see Table 4.

As will be further discussed in Section 5.3, one possible candidate country for applications of the proposed model is Vietnam. Vietnam has undergone a forest transition; there is a comparatively high infrastructure level, a high dependence on coal for electricity generation, while a majority of rural households still depend on fuel wood for cooking. During the rural electrification program in Vietnam, a rural survey was undertaken to measure the benefits from electrification, as well as various household characteristics [54]. The median annual cash income for the whole survey was approximately 1000€ per household (Income originally recorded in VND. A 2013 mean value was used for conversion 1€ = 27,000 VND.). In some of the poorer communes, the median household income was only around about 200€ [55]. Participation in the proposed program and 10 kg of sold biomass daily at a price of 25€ per ton would translate to around 90€ on a yearly basis. Hence, participation could increase the household cash income substantially. Furthermore, the commune averages of fuel wood gathering rate ranged from 3 to 18 kg/h (mean and median of 9 kg/h) [55], which would give an hourly income from 0.075 to 0.45€/h, assuming 25€/ton of traded biomass.

Minimum monthly wages for civil servants and state employees in Vietnam are approximately 41€ (in 2014) [56], which translates to about 0.24€/h (for a 40 h work week).

An assumption of a price of 50€ per stove together with the assumption of 10 kg of sold biomass a day and a monetary compensation of 25€ per ton leads to a payback time of about 6–7 months; i.e., the stove price divided by the monthly extra income. Barnes et al. [11] estimated that rural households may require payback times as short as 2–3 months in order to be able to make the investments. Thus, even if the monetary compensation can be considered comparable to other income sources currently available to the households, it may still be hard for many households to make the initial investment. It may therefore be necessary to couple household participation with favorable loans that can be amortized through fuel wood collection.

A recent study has found both that liquidity constraints are indeed a barrier for stove adoption and that when households were offered either time payments or a free trial of charcoal ICSs, uptake increased from 5% to 25%. When households were also offered to be able to withdraw at any time without making any further payments, the uptake increased to 45% [57]. While these stoves were aimed at charcoal, an already commercial fuel, this shows that liquidity constraints may indeed be an important barrier.

Above, we have assumed a 50% efficiency improvement due to the adoption of a modern gasifier ICS. Two recent studies of randomly distributed ICSs have resulted in considerably lower, and somewhat different, conclusions regarding the efficiency improvements of ICSs. Hanna et al. [17] found that the ICSs distributed in their study do not reduce the need for fuel wood and only slightly improved the indoor air quality during the first year. A possible explanation for these results may be that the stoves were not of sufficient quality and not suited enough to the households’ cooking practices. Benschand Peters [21], on the other hand, found a reduction of 30% in fuel wood use.

Households in the developing world are often constrained by a poor household economy, making short payback times essential. It is, therefore, possible that households, even with the extra income from selling fuel wood, would choose a cheap stove that would not improve their cooking situation. There may thus be a need for stove quality regulation, and since the discussed model may provide a significant income improvement, it would be possible also to enforce policies regarding the ICS quality and performance, although these stoves may carry higher initial expenses. The Chinese program continued to monitor stove quality [15], while another initially successful stove program, the Kenyan Jiko program, discontinued monitoring of stove quality [15], which led to a decline in stove quality, even though incentives for efficient stoves were in place. This implies a need for stove manufacturers to comply with demands on stove quality with regards to efficiency and emission levels.



5.2. Assumptions of Future Co-Firing

In the program calculation an assumption of the existence of a not too distant coal-power plant with co-firing capabilities is made. Co-firing is considered as one the of the most cost-effective ways to reduce CO2 emissions in the short term [58] and can even be profitable if biomass is obtainable at sufficiently low prices. There is however an investment to overcome which, although this cost is low compared to other technologies, requires a secure supply of low cost biomass to reach profitability. However, biomass is generally more expensive than coal on an energy basis. In the program calculations, assumptions of prices below the current coal prices are made for the biomass price to accommodate for this. Currently the spread of co-firing in the developing world is low but existing in China [59] and India [60]. After retrofitting, a co-fired power plant is flexible in the sense that it can vary the amount of biomass up to the installed (biomass) capacity, and thus adjust according to the current fuel prices.



5.3. Suitable Locations, Deforestation and Landless Households

As mentioned above, an application of the proposed model may, besides creating increased incentives for stove adoption, also raise incentives for deforestation. In order to avoid a too high outtake of biomass, a possible solution would be to enforce a quota limiting the amount of biomass households are allowed to sell during a given period of time. Enforcement of a quota may require identification of the households, for example through mobile technology capable of recognizing registered fingerprints. A quota may however decrease household incentives for purchasing and using an ICS more efficiently. The theoretic framework used in studies of household fuel wood collection [52,61,62] can aid in this discussion. The cost of collected fuel wood can be considered to be a function of the time required to collect a certain amount of fuel wood and the opportunity cost of time. The households’ supply of labor limits fuel wood collection [63]. Since time is limited, each additional increment of time spent on fuel collection becomes more expensive, and thus, even if assuming a constant return on spent time, the cost per unit fuel wood will increase due to an increased cost of time. Since the returns on fuel wood collection time are likely to diminish, households’ will collect from the most easily gathered fuel sources first (likely close to the household). Several studies have pointed towards the sensitivity of households in response to differences in opportunity cost for various sources of fuel wood collection [62,64].

The enforcement of a limit on how much biomass households are allowed to trade for money may have negative effects for the premises of the model, since if biomass is in abundance, i.e., too easily gathered, the household may not gain the incentives for using the fuel more efficiently. However, the assumption of diminishing returns on time spent collecting biomass together with an increased opportunity cost for the time itself, for each additional unit of time, leads to at least a small increment in incentives for using the biomass more efficiently. The proper quota and price to balance incentives and environmental considerations are likely to vary between different areas and have to be determined by empirical studies.

Although the links between households’ fuel wood collection and deforestation are still unclear [65], deforestation as a consequence of more commercial operations, such as charcoal production, have been observed [66]. It has been argued that as long as it is the value of the forest itself that is driving the deforestation, the deforestation is balanced by forestry, because when scarcity increases the price of forest products, investments in forestry and plantations becomes more profitable [67]. Empirical examples of this have been noted in India, where forest cover increased with a higher price on wood products [68]. This has also been noted on the household level, when households increased the production of fuel wood for personal use in response to forests degradation [52,69]. However, this type of scarcity-induced reforestation only ensures that the market-based values are preserved; it does not guarantee control over erosion, biodiversity, genetic reserves and global climate change [67]. It is, therefore, vital that at least until the full consequences of the proposed model have been empirically determined, any such attempt takes place within areas where biomass is currently harvested sustainably.

It should be noted also that in areas experiencing fuel shortages, for example due to deforestation, traditional ICS programs may experience success, given that stoves are of sufficient quality [21]. The model suggested in the present paper should hence be aimed at areas where poor households have a high dependency on collected biomass fuel, but where deforestation is currently not immediate. Several developing countries have undergone, or are undergoing, a forest transition; the process in which deforestation has been halted and turned and where, instead, reforestation is currently taking place. Rudel et al. [70] describes two distinct possible paths for this forest transition: (1) industrialization draws people from the countryside, and together with the intensification of agriculture, this leaves land unused where forest can regrow; (2) scarcity-induced reforestation; initial deforestation increases the price on wood products, which leads to intensified forestry. As noted, scarcity-induced reforestation may not provide natural forests and may not preserve biological values; however, the increased possible outtakes from this intensified forestry can make extraction from natural forests less profitable, which, in turn, may benefit from this process. Several countries in Asia have already been documented to have experienced a forest transition, while at the same time, many rural households are dependent on collected fuel wood. These include Bhutan, China, India, Philippines and Vietnam, and in Thailand and the Malaysian Peninsula, the forest cover has been stable for over 20 years, however without any reforestation [71].

Tree planting as a response to forest degradation and an increased fuel wood price is mainly possible on private land. Therefore, in societies where fuel wood collection is mainly carried out on private lands, poor landless households may not be able to participate and may face an increased fuel wood price as a consequence of an application of the proposed model. To some extent, the quota on the amount of wood allowed to be sold at the higher price may result in a higher level of inclusion, since households being unable to collect enough to fill their quota (for various reasons) may act as both buyers and sellers of fuel wood. Households may not be able to collect because of a shortage of labor supply [63] or because they are landless and the fuel collection in the area mainly occurs on private land. Those who collect and wish to sell more than their quota must then engage the households that are not collecting and, thus, divert money and, thus, incentives for using the ICS also to these households. However, how the exact consequences of this is an empirical question. The risk of excluding poor landless households should be considered for any application of the proposed model where this may be relevant. Areas where all households either own their own land or have access to commons where deforestation of pristine forests is not immediate are therefore suitable for applications of the model.

The relatively high complexity of the model provides some infrastructural and institutional constraints on suitable areas, including the existence of roads, power plants and electricity distribution systems. As mentioned, an institutional body is also likely required to deal with carbon credits, administration and monitoring. These constraints limit the number of possible areas, but also seem to overlap with countries undergoing a forest transition and also with countries that have developed rapidly during the last few decades, e.g., China and Vietnam, and with a large rural population still dependent on collected fuel wood. However, economic development need not necessarily lead to a forest transition [71]. In this section, it was shown that there are a number of countries with conditions supporting the proposed model. However, it should also be stressed that implemented in the wrong areas the model may lead to severe negative consequences, i.e. using CDM funding to sponsor deforestation and making it harder for poor landless household to obtain energy for meal preparation.




6. Conclusions

The low rate of success experienced by many ICS programs calls for new approaches to stimulate ICS adoption. The basis of the proposed model is an expansion of the system used to address ICS adoption within. By a simple systems expansion, and the combination of energy efficiency through ICS adoption, revenues from sold excess biomass and the use of excess biomass in larger power plants, a local biomass market would be created, leading to economic incentives for household energy efficiency. The revenues households would get from biomass sales would contribute towards enabling households’ ICS purchases. The local market interactions of such a model with its market feedback are unlikely in programs handing out or subsidizing pre-designed stoves. The merit of this policy would thus be an increased stove uptake and continued usage, leading to multidimensional sustainability, including health, social, local environmental and global climate benefits.

The income calculations based on the model principles show that under many assumptions, the model will lead to a positive result, required to cover the compensation for the work of gathering fuel wood. The calculations also show that revenues from generated carbon credits are essential and that credits from BC emission reductions would play an important role, but also that the model is financeable through carbon credits within the historic price interval of certified emission reductions (CERs).

We have drawn on previous literature on fuel switching, ICS adoption and fuel wood collection to further discuss some of the model implications. The conclusion from this exercise is that the proposed model principles could increase ICS adoption without leading to deforestation. However, this remains an empirical question. There are also further questions concerning the exact implementation of the model, e.g., how to handle the monetary flows to the household in a safe way, the quota enforcement and risks of corruption. The proposed model is thus only a first conceptual step towards a combined market/policy model, and further research concerning drivers and barriers is required.
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