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Abstract

Nitrogen fertilisers are a key input in agricultural production when farmers aim to earn higher returns by achieving higher yields through supplementing the soil with nitrogen nutrients. However, as well as its benefits, using nitrogen in agriculture comes at a cost to society because part of the applied nitrogen fertiliser is lost to the environment without being taken up by the crop, and this adversely affects humans, animals, and the environment. The external costs to society from nitrogen pollution are usually not accounted for in the price of nitrogen fertiliser products, in fertiliser use decisions, or in the price of food products produced using nitrogen fertilisers. Decisions regarding nitrogen fertiliser use in crop production can be made at different levels of information and knowledge available on yield response to fertilisers, input and output prices, damage from nitrogen emissions on society and associated costs, and risk considerations in farming. In this paper, approaches to nitrogen fertiliser decision-making are discussed for lowland wet-season rice production in Lao PDR. Economists use the ‘marginal thinking in input use’ concept to derive fertiliser decisions under perfect information, with risk and uncertainty considerations. Farmers, influenced by risks and uncertainties, choose fertiliser rates that maximise their returns. With perfect information and uncertainty, the private economic optimal nitrogen rate for Lao PDR's lowland wet-season rice is 53 kg/ha, while the social optimum - accounting for the damages caused by nitrogen emissions - is 50 kg/ha. However, to assure a 100 per cent return on marginal capital invested in fertiliser, acknowledging the high risk they operate under in nitrogen fertiliser application, farmers’ private economic optimum nitrogen rate is just 34 kg/ha. This nitrogen rate aligns closely with the rates farmers commonly use for wet-season rice production. If farmers internalise external costs while maintaining a 100 per cent return on marginal capital invested in fertiliser, the social optimal rate would be 27 kg/ha. There is a range of policy tools available for the Lao PDR government to consider when working towards the goal of a socially efficient use of nitrogen fertiliser policies.   
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Introduction

Nitrogen fertiliser is a ‘double-edged sword’

Nitrogen fertilisers efficiently supply the nitrogen essential for the growth and development of high-yielding crops. Farmers use nitrogen fertilisers in crop production to achieve higher yields and hence earn higher returns. Nitrogen fertiliser applied to cropping soils is not entirely taken up by plants. It has been found that more than 50 per cent of applied nitrogen is not utilised by the crop (Coskun et al., 2017; Naher et al., 2019). 

This unused nitrogen is released to the environment as gases and nutrients following chemical reactions in soil, as nitrous oxide emissions, ammonia volatilisation and nitrate leaching, causing global warming, air and water pollution. Crop production using nitrogen fertilisers, therefore, comes at a cost to the well-being of society because of negative externalities[footnoteRef:4] from emissions and leaching from nitrogen fertilisers.  [4:  A negative externality occurs when an unintended consequence of an individual's production or consumption decisions impacts others, without the decision maker recognising or accounting for these effects (OECD, 2013).  ] 


Sound nitrogen fertiliser decisions in crop production are important to achieve the goals of farmers as well as society. Decisions regarding nitrogen fertiliser use in crop production can be made with information and knowledge of crop yield responses to fertiliser, prices of inputs and outputs, negative externalities and their costs. However, the decisions are often influenced by uncertainties associated with available information and inevitable risks in farming.

Economists’ way of marginal thinking in fertiliser use decisions

Economists use theories that are grounded in marginal thinking and incorporate risks and uncertainties into decision-making regarding input use. Therefore, the optimum nitrogen fertiliser rates to be used in crop production can vary depending on the degree of certainty on knowledge and risks considered in decisions. 

The term ‘optimum’ is used in many senses and contexts. A technologist might think of an optimum yield as being the highest yield from a level of nitrogen use. A farmer might think of the level of nitrogen use that they feel most comfortable with, considering the profit they make from using N in their farm system and the associated risk implications of using different levels of nitrogen fertiliser, and how they feel about the risks. An economist looking at the question of using nitrogen from the perspective of maximising social welfare will consider the socially optimum level of nitrogen use to be where the marginal social cost equates to the marginal social benefit. The social optimum is the nitrogen rate that farmers can apply to the crop to compensate for the damage caused to society by fertiliser application (Malcolm et al., 2022).

Nitrogen fertiliser use in lowland wet-season rice production in Lao PDR and policies on its use

Rice has been cultivated and consumed domestically in Lao People’s Democratic Republic (PDR) as the staple food for many centuries. Currently, rice production in Lao PDR uses inorganic nitrogen fertiliser in addition to organic nutrient sources such as farmyard manure and organic fertilisers. Information about inorganic nitrogen fertiliser use is generally available for rice farmers through a nationwide fertiliser recommendation; however, they frequently use fertiliser less than the recommended amount and unevenly. There is limited and no up-to-date information for farmers to guide their decisions on nitrogen fertiliser use, which is essential in ensuring sound fertiliser use by farmers to achieve their farming goals. 

Furthermore, there is a gap in knowledge and information about the pollution from nitrogen fertiliser use in Lao rice production, the degree of damage and associated costs to society caused by nitrogen losses. This information is particularly important in designing policy frameworks to reduce nitrogen pollution in agriculture by monitoring nitrogen fertiliser use, especially because the Lao government recently prioritised reducing the use of agrochemicals to align with sustainable agricultural concepts (Ministry of Agriculture and Forestry, 2021). 

The fertiliser use decisions of lowland wet season rice farmers in Lao PDR were studied as part of the project titled ‘Assessing the economic and social impacts of shifting to natural and sustainable rice production systems in Lao PDR’. This paper is a result of a study broadly aimed at understanding the economics of nitrogen fertiliser use decisions in lowland wet-season rice production in Lao PDR. The key aims are firstly, to demonstrate methods used by economists to derive optimum nitrogen rates under different levels of information and risks, while also accounting for externalities of nitrogen, in the fertiliser decision-making of lowland wet-season rice production in Lao PDR. This aim will help to address economic illiteracy among the scientific community and thereby prevent the use of misinformation in decision-making. Secondly, to discuss the current nitrogen fertiliser use practices of farmers and factors that influence their fertiliser use decisions. Thirdly, to discuss ways in which information about optimum nitrogen uses and the social costs of nitrogen pollution can be used to inform decisions in policymaking to address its negative impacts on society. 

Method

In the sections below, the methods to derive optimum nitrogen rates in lowland wet-season rice production, the associated emissions from nitrogen leading to negative externalities and the costs of them are outlined. This method, which is based on production economic theory and neoclassical economic theory on the behaviour of consumers and producers in a market in a competitive economy, under which markets work well and fail to work, has been used by economists to demonstrate deriving economic optimum input use in farming (Malcolm et al., 2022; Pannell, 2006, 2017).

Crop yield response functions to applied nitrogen fertiliser 

The crop yield response function to applied fertiliser nitrogen is a key tool that can be used to derive how much nitrogen to use to achieve defined goals. A yield response function expresses the relationship between the rate of nitrogen fertiliser applied and the corresponding expected crop yield at the rate, or vice versa. Crop response functions to fertilisers generally follow diminishing marginal returns, where the yield curve flattens at higher input levels (see Figure 1). 

Scientists or agronomists conduct field experiments across seasons to determine crop yield responses to applied fertiliser at different rates (with no limitations on other nutrients). The results of experimental yields are analysed to create statistical or numerical models that derive response functions to nitrogen, and computed yield responses can vary depending on the functional form used in the statistical model. 

Yield response to nitrogen for a crop depends on many factors, including but not limited to previous history of the use of the land, timing and form of application of N, use of other inputs such as irrigation water, available soil moisture and rainfall, management practices, the incidence of weeds and pests, etc. Therefore, yields obtained can vary across regions, farms, and even across paddocks within the same farm, and from season to season.   
Figure 1. Yield response function of lowland wet-season rice to nitrogen fertiliser in Lao PDR
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Source: Linquist and Sengxua (2001)

The production economic theory explains the relationship between input use and output in the agricultural production of an individual farmer trying to maximise profits from farming with and without risk and uncertainty considerations. 

Yield response function to nitrogen fertiliser in lowland wet season rice production in Lao PDR

Linquist and Sengxua (2001) used data from field experiments they conducted between 1993 and 1998 across 20 sites in northern and southern Laos to determine the yield response of lowland wet-season rice production to applied nitrogen fertiliser rates ranging from 0 to 90 and 0 to 120 kg/ha. For the experiments, they used the rice variety TDK1, which was established by transplanting. The results indicated a linear response to nitrogen up to 60 kg/ha in northern Laos and yield gains up to 90 kg N/ha and even 120 kg N/ha in the southern regions of Laos. 

According to Linquist and Sengxua (2001), the response function (generalised) derived from experiments conducted in northern and southern Laos is given below. The expected yield of rice and the rate of nitrogen in fertiliser applied (kg N/ha) are denoted by Y and X, respectively.

Y = (-0.0001X2 + 0.0145X + 3.0118)

This function is shown in Figure 1 for different levels of applied nitrogen fertiliser and the associated predicted yields. As is common, the yield first increases linearly until a certain rate of nitrogen, then increases at a decreasing rate before flattening, and declines thereafter – diminishing marginal returns.

This is the only available yield response function to nitrogen fertiliser that was developed using results from a series of field experiments conducted over the years. 

Deriving optimum nitrogen rates under perfect information and certainty

Theoretical private economic optimum nitrogen rate

In a theoretical sense, assuming certainty and perfect knowledge while ignoring farmers' attitudes to risk, access to finance, and other factors that influence the decision on how much nitrogen to use, the private economic optimum nitrogen rate indicates the rate farmers can apply to the rice crop to achieve the highest private profit from using nitrogen. This is valid provided the response function accurately reflects what happens in the field and no other inputs are limiting. The theoretical private economic optimum nitrogen rate is less than the agronomic optimum – the nitrogen rate corresponding to the highest yield is not the most profitable rate. This measure accounts only for private benefits and costs, not any damages nitrogen fertiliser use can cause to society. 

The theoretical private economic optimum nitrogen rate depends on economic factors - prices of the input and output; therefore, its derivation requires the price of nitrogen fertiliser to derive the price of nutrient nitrogen[footnoteRef:5], the cost of nitrogen nutrient application, and the farmgate price of paddy, in addition to the response function of rice yield to nitrogen fertiliser.  [5:  The price of nitrogen is not the price of the fertiliser. The price of nitrogen must be calculated separately from the nutrient composition in the fertiliser. For example, the nitrogen content in Urea fertiliser is only 46 per cent, and the price of nitrogen (nutrient) is not the price of Urea (fertiliser).] 


In terms of marginal economic concepts, the theoretical private economic optimum nitrogen rate (where the profit is maximised) is where the private marginal value product[footnoteRef:6] (revenue from rice yield) and the private marginal cost[footnoteRef:7] of nitrogen applications is equal. In simple terms, at this rate of nitrogen use, the cost of applying an extra unit of fertiliser equals the extra private benefit or extra revenue received from the extra yield obtained. All prior additions of nitrogen had a margin of extra revenue above extra cost and so added to total profit. [6:  The marginal value product of a given rate of nitrogen fertiliser to grow rice is the extra revenue (benefit) obtained by the farmer from the extra rice yield obtained by applying an extra unit of nitrogen fertiliser. The marginal revenue or marginal value product is the multiplication of the marginal product and the farmgate price of paddy. ]  [7:  Marginal cost of nitrogen is the price of nutrient nitrogen in the fertiliser and the cost of applying it.] 


At the theoretical private economic optimum, 

Marginal revenue = Marginal cost
Marginal product x Price of paddy = Price of nitrogen + Unit cost of application

Marginal product at the theoretical private economic optimum level of nitrogen rate is equal to the ratio between the price of nitrogen fertiliser and the cost of applying it in the field per kg, and the price of paddy expected to be received net of any levies. This is explained in Rathnayake et al. (2023). 

Marginal product = (Price of nitrogen + Unit cost of application)/Price of paddy

Alternatively, the marginal product at a given rate of nitrogen can be derived from the first derivative of the Linquist and Sengxua (2001) response function. The first derivative of the above equation is MP = 2*(-0.0001X) + 0.0145, and equating this to the price ratio at the economic optimum nitrogen level could be used to solve the nitrogen rate using simple algebra. Figure 2 graphically represents the simple economic model that derives the theoretical private economic optimum nitrogen rate. 

A misconception among most decision-makers is that for a given yield response curve, the nitrogen rate giving the highest yield (agronomic optimum) is the most profitable nitrogen rate to operate. This is a flawed concept because the marginal cost spent on the nitrogen rate that produces the highest yield is higher than the marginal revenue, hence no benefits can be expected at that rate.


Figure 2. Economic model to determine the private economic optimum rate of N
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Source: Pannell (2017)

Theoretical social economic optimum nitrogen rate

The theoretical social optimum nitrogen rate concept is an extension of the theoretical private economic nitrogen rate derivation, as it accounts for the cost of damages from negative externalities caused to society by applying nitrogen to a rice crop. In economic terms, it is the nitrogen rate where the marginal social benefit and marginal social cost are equal; where the extra benefit society receives from using an extra unit of nitrogen is equal to the extra cost on society from using the extra unit of nitrogen. 

At the social optimum, 

Marginal social benefit = Marginal social cost

Social benefit or social cost is the sum of private and external benefits or costs. Externalities are unintended consequences that are either positive or negative (benefits or costs), resulting from a production or consumption activity that affect third parties outside of market transactions and are not reflected in market prices (Freebairn, 2010). Therefore, the social optimum nitrogen rate is derived from the point of view of society in relation to applying nitrogen for crop production. Externalities include all the external costs and external benefits to society – improvements or damages caused by all forms of nitrogen losses from nitrogen applied.  

Social benefits = private benefits + external benefits
Social costs = private costs + external costs

The social optimum nitrogen rate indicates the rate up to which net benefits to society can be maximised while minimising social costs; rates beyond this level cause costs to society by exceeding benefits. 

Estimating direct N2O emissions from nitrogen fertiliser applied to rice crop and associated external costs

Estimating the costs of negative externalities caused by nitrogen emissions of applied fertiliser needs information about the amount of emissions associated with the applied nitrogen rate. As explained, not all nitrogen applied to the soil is taken up by the crop; instead, it is lost or becomes unavailable to the plant through nitrogen immobilisation, and several loss pathways, including leaching, ammonia volatilisation, and denitrification, depending on chemical reactions taking place in the soil. These vary with soil conditions. 

Denitrification that releases N2O to the atmosphere is a significant emission pathway of nitrogen in soil observed in rice fields. While other pathways also produce N2O indirectly, denitrification is the process that is responsible for producing the highest amount of N2O directly. Additionally, there are other types of nitrogen emissions, such as ammonia (NH3) and nitrates (NO3 and NO2). N2O is a greenhouse gas (GHG) that has a global warming potential[footnoteRef:8] of 300. This means 1 kg of N2O in the atmosphere is equal to 300 CO2e (carbon dioxide equivalents[footnoteRef:9]) and has the potential to cause an impact that is 300 times the impact on climate change from 1 kg of CO2 in the atmosphere. This makes it worthwhile to study the associated damage costs. In this section, the method to quantify N2O emissions from soils is explained.  [8:  Global warming potential is the warming effect of an emission of 1kg of a greenhouse gas relative to that of CO2 (IPCC, 1991).  ]  [9:  Carbon dioxide equivalent is a standardised unit used to measure and compare the impact of different greenhouse gases on climate change, by expressing them in terms of their equivalent carbon dioxide emissions.] 


Several tools are used to quantify N2O emissions from applying nitrogen fertiliser to crops, such as emission functions and emission factors. The Intergovernmental Panel on Climate Change (IPCC) has developed emission factors to estimate quantities of GHG emissions from a given activity, including N2O emissions from nitrogen fertiliser application. These factors are expressed at tier levels. According to Baasansuren et al. (2019), ‘a tier represents a level of methodological complexity. Usually, three tiers are provided. Tier 1 is the basic method, Tier 2 intermediate and Tier 3 the most demanding in terms of complexity and data requirements. Tiers 2 and 3 are sometimes referred to as higher tier methods and are generally considered to be more accurate on condition that adequate data are available to develop, evaluate and apply a higher tier method.’ (p.6). Emission factors are averages that imply a linear rate of emissions. In reality, emissions are exponential (Grace et al., 2016). 

The default emission factor for N2O emissions from chemical nitrogen fertiliser is 1 per cent, meaning that one kilogram of N is emitted in the form of N2O directly from the soil for every 100 kilograms of nitrogen applied. This emission factor is used at the Tier 1 level, which results from an average of many experiments and carries a significant uncertainty because the estimate is not specific to the region or site, unlike Tier 2 and Tier 3 emission estimates that are more precise. Emission factors vary across the types of nitrogen fertilisers as well (Cowan et al., 2020; Dobbie et al., 1999; Walling & Vaneeckhaute, 2020).

For an emissions factor of 0.01 or 1 per cent, a factor of 1.571 is used to convert the weight of elemental nitrogen to molecular nitrogen in N2O, using molecular weights and the global warming potential of N2O to calculate the corresponding amount of N2O in CO2e units.  

Alternatively, scientists also conduct field experiments to capture, quantify, and model emissions resulting from fertiliser applications to soils similar to yield response to nitrogen fertiliser experiments. 

Using either method, quantities of N2O emissions are calculated in CO2e units, because CO2, as a GHG, has been studied extensively for the damage it causes, ranging from impacts on health, agriculture, nature, and economies. The external cost of a given quantity of CO2e can then be calculated using the standard social cost of CO2. 

External cost of a given quantity of CO2e = Social cost of CO2 * Quantity of CO2e

Deriving optimum nitrogen rates under incomplete information with uncertainties and risk considerations

In the real world, making input use decisions on fertiliser in farming is influenced by uncertainty and risks associated with factors affecting farming. There are significant uncertainties around the weather during the season, affecting the potential yield from their crop, the farm gate price they would expect for the produce, labour costs, etc. Added to this are production risks such as extreme weather events, pest and disease incidences, financial risks such as debt, interest rates and lack of credit, changing policies, and personal risks greatly affecting farming. However, farmers make fertiliser use decisions well in advance the at the start of the season, even before earning returns from their investments, while accounting for all risks and uncertainties in their decisions.  

Nitrogen rates within the acceptable range of the minimum rate of return

The rate of return on applied nitrogen is a measure farmers consider when making decisions about fertiliser use. The rate of return on marginal variable capital invested in nitrogen indicates the addition to farm profit that farmers can expect to recover from their investment in nitrogen, expressed as a percentage return on marginal capital. This is equivalent to the economic optimum nitrogen rate for farmers. The extra profit from nitrogen used on a crop area, say, per hectare, can be derived from the difference between the expected revenue per hectare and the capital invested in nitrogen per hectare, and expressed as a percentage or ratio of the nitrogen cost. 

 

The same concept can be used to derive the farmers’ social economic optimum nitrogen rate, which provides a 100 per cent return on marginal capital that also accounts for the external cost of nitrogen pollution caused by fertiliser application. 

Results 

In Table 1, different rates of optimum nitrogen fertiliser rates are presented based on the information available, certainty and risk considerations and associated yield, profit, quantities of emissions and external costs. 

The theoretical private economic optimum nitrogen rate, which is expected to produce maximum profit, is determined at 53 kg N/ha based on the response function by Linquist and Sengxua (2001), assuming perfect knowledge and certainty. This rate also depends on economic factors, i.e., prices of nitrogen fertiliser and expected farmgate price of paddy, which are derived from the price ratio between fertiliser and paddy (marginal product at the profit-maximising state). The social optimum nitrogen rate is 50 kg N/ha, only 3 kg N/ha below the economic optimum rate (See Figure 5). The important assumption in this approach of social optimum rate derivation is that the external cost of N use is fully borne by the users of nitrogen fertiliser – farmers, and not consumers of the produce that was produced using nitrogen fertiliser. 


Table 1. Optimum rates of nitrogen, yield, profit and quantities of direct N2O emissions and external costs
	N rate (kg/ha)
	Yield (t/ha)
	Profit from fertiliser (KIP)
	Quantity of emissions (kg CO2e)
	Total external cost (KIP)

	Agronomic/technical optimum
	Perfect information and certainty
	73
	3.537
	24,392,834
	344
	382,687

	Theoretical private economic optimum 
	
	53
	3.499
	24,692,674
	250
	277,841

	Theoretical social economic optimum
	
	50
	3.459
	24,480,400
	236
	262,114

	Farmers’ private economic optimum (100% return on marginal capital) 
	Imperfect information, risks and uncertainties
	34
	3.389
	24,423,272
	160
	178,238

	Farmer’s social optimum (100% return on marginal capital)
	
	27
	3.330
	24,185,466
	127
	141,542



Figure 3. Marginal Value Product (Marginal social benefit), Private marginal cost, Marginal external cost and Marginal social cost against the rate of N applied per hectare


When risks and uncertainties influence decisions on nitrogen fertiliser use without any account of the nitrogen pollution cost, the economic optimum for farmers, which provides a 100 per cent rate of return on marginal capital, is derived at 34 kg N/ha. 

Also, as shown in Table 1, the quantities of N2O emissions (expressed in CO2e) and the associated total externality costs increase linearly with the nitrogen rate applied.
Figure 3 is a representation of different levels of optimum nitrogen rates a farmer can operate along with the demand curve for nitrogen fertiliser (marginal social value product curve), the marginal private cost, marginal external cost and marginal social cost curves for an individual rice farmer. 

Discussion

Limitations of using the available response function 

The key technical factor that affects optimal N rate decisions is the yield response of the crop to applied nitrogen fertiliser, as it varies across years, seasons, farms, paddocks, according to weather, water, soil conditions and even management practices. A yield response function of a crop to applied nitrogen fertiliser developed through field experiments informs about potential yields; it does not apply to any particular field other than in a general way. A yield response function may no longer be representative over several years with changes in weather, soil, crop and management factors. However, it can be used as a guide to inform ways of thinking about fertiliser decisions of farmers and other users. 

The rice yield response function to nitrogen fertiliser used in this study was developed by Linquist and Sengxua (2001) more than two decades ago from results obtained from experiments conducted between 1993 – 1998 in lowland rice fields (during the wet season) in northern and southern Laos. Since then, considerable improvements have occurred in Lao rice production, including the introduction of improved (high-yielding) varieties that are more responsive to nitrogen, crop establishment techniques such as broadcasting or direct seeding replacing transplanting, crop protection technologies and water management, enabling higher expected yields at each nitrogen rate and theoretically leading to an upward shift in the response curve.

It should also be noted that this response function is representative of northern Lao, as it follows the response observed in experiments in northern Lao, which shows a linear response up to 60 kg N/ha, as Linquist and Sengxua (2001) point out. 

Hence, there are significant limitations associated with using this response function for the present analyses that must be acknowledged, as sufficient technical and experimental data are not available to calibrate it for current lowland wet-season rice production. It is important to note that the results from this existing response function will likely not reflect the current situation exactly. There is an obvious demand for updated rice yield response functions to ensure accurate information is generated to inform decisions for farm businesses, research, and policies. 

However, the current recommendation of 60 kg/ha of nitrogen fertiliser for the lowland wet-season rice crop is based on farmers' risk-management behaviour and on results from N response experiments conducted in the 1990s, but it is often insufficient to achieve higher yields in most wet-season rice production cases (Linquist and Sengxua, 2001). This suggests that if the response function developed from experiments accurately reflected southern Lao conditions, the theoretical economic optimum would be much higher than 60 kg N/ha. The current N rate recommendation has been reduced to 60 kg N/ha, considering farmers’ risk management strategies and potential economic losses from pest and disease outbreaks.
Fertiliser decisions of farmers 
Theoretically, a farmer with a profit-maximising objective can apply 53kg N/ha to the rice crop, under perfect information (used in the study) and certainty. Also, a farmer can apply more fertiliser when the expected farmgate price is high, or less fertiliser when fertiliser gets more expensive, even with no technical relationship between yield and fertiliser (Hendricks et al., 2014). 
However, farmers' decisions about using nitrogen fertiliser vary depending on their farming objectives, budget constraints, and attitudes toward risk and uncertainty regarding yields, prices, and weather. 

Risk management behaviour of farmers influences their fertiliser use decisions

In practice, the rate that farmers use differs from the theoretical economic optimum rate because they do not know the yield response function with any precision and face risks and uncertainties in farming. Lao farmers use nitrogen at levels well below the nitrogen rates that would be the theoretical economic optimum derived under certainty and full information, and the current recommendation across the country for wet-season rice production. This is because farmers place great importance on risk, and their risk attitudes and risk management behaviours differ and are ambiguous. Farmers do not always rely on prices to make decisions about their fertiliser use; instead, they trade off expected profits to manage risks associated with the crop, weather, season, etc. Sometimes, farmers face an opportunity cost of the yield they give up by applying nitrogen at rates they perceive as safe, usually below the theoretical private economic optimum. 

It was found from recent farmer interviews and focus groups  (Rathnayake et al., 2025) that most farmers use around 2 bags of fertiliser[footnoteRef:10] per hectare, which is equivalent to half of the fertiliser recommendation (although it proved difficult to define exactly the mix of fertiliser that farmers apply in bags, as there is a large range of mixes in the market, and farmers often have to use whatever their local supplier has available).   [10:  The estimated quantity of nitrogen in 2 bags of fertiliser for analytical purposes is 33 kg.] 


The findings are supported by the literature, that the actual inorganic fertiliser amounts used by most rainfed rice farmers were reportedly well below the recommended rates (FAO, 2023; Haefele et al., 2010; Manivong, 2014; Newby et al., 2020; Sengxua & Linquist, 2002).  Accordingly, farmers tend to apply fertilisers in amounts much lower (15-5-1.5 kg of NPK/ha) than the recommendation (Sengxua et al., 2002). Manivong (2014) found that the average rates of fertiliser applied in 2010 were 17kg, 12 kg and 3 kg of N, P and K, respectively, in the southern region of Laos. 

Why do Lao farmers apply less nitrogen to their wet-season rice crop?

Newby et al. (2014) explained that the limited use of fertiliser is the result of ‘high cost of purchasing inputs, the limited access to credit, the high level of production risk and market uncertainty should a surplus be produced. Physical access, counterfeit products and limited knowledge about appropriate rates and timing contribute to the problems’. (p. 213). Additionally, unfavourable ratios between input costs and output prices, and the limited fertiliser response of rice cropping fields (Haefele et al., 2010), decisions are made on the financial capacity rather than the technical requirement of the crop (Sacklokham et al., 2020), irregular and disproportionate application of fertiliser to rice fields depending on soil fertility, and rainfall (Manivong, 2014) were some reasons for low application rates by rice farmers.

The Lao farmers' use of nitrogen can be seen in the context of achieving a minimum acceptable rate of return on their investment in operating capital for nitrogen inputs. The uncertainty surrounding yields and income from adding nitrogen to a crop means farmers generally require a relatively high minimum rate of return on their fertiliser investments compared with other uses of marginal capital. Requiring relatively high minimum rates of return on fertiliser capital is a way of allowing for much of what is unknown and unknowable – the variable yields, prices, and income. 

The minimum acceptable rate of return on investment for farmers, especially in developing countries, when they make an additional capital investment in their farming operations, is usually 100 per cent (CIMMYT Economics Program, 1988; Morris et al., 2007). Therefore, farmers anticipate higher rates of return marginal capital at a minimum of 100 per cent (spending 1 KIP to obtain 2 KIP while making a profit or a margin of 1 KIP), because only then can they potentially cover risks and uncertainties, such as losses from crop or market price failures, as well as the high interest costs of capital borrowed to buy nitrogen and grow the crop. Farmers would keep adding nitrogen fertiliser up to the rate at which the last unit provides them with the required return – in this case, a 100 per cent return on the additional unit of nitrogen. The acceptable minimum rate of return tends to be higher than 100 per cent to include high interest rate costs when farmers use informal capital markets to borrow money (CIMMYT Economics Program 1988). Applying nitrogen beyond 34 kg/ha does not provide the rate of return farmers expect to compensate for the risk and uncertainties. As depicted in Figure 3, the theoretical private economic optimum nitrogen rate of 53 kg/ha derived under perfect information and certainty yields returns far less than the minimum acceptable 100 per cent, making it unattractive.
In Lao, farmers access fertiliser by borrowing money from village lenders or obtaining fertilisers on credit from sellers or millers at high annual interest rates that can range as high as 80 – 130 per cent (Kousonsavath and Sacklokham, 2020), which means farmers in such cases would expect a higher rate of return on fertiliser investments.

Why would some farmers add more nitrogen fertiliser to their rice crop?

Alternatively, some farmers, although not commonly seen in Lao, might use slightly more nitrogen than the theoretical private economic optimum, incurring additional fertiliser costs to secure potential yield gains and the profit from a good season with high rainfall, which would provide higher returns because of the risk of losing a large share of yield and profit by using too little fertiliser. Conversely, using a bit too much only adds a small cost if the crop does not respond. This is because the response/profit curve is steep on the left and flat on the right (see the yield response curve in Figure 3); hence, farmers have an incentive to use too much fertiliser to ensure their nitrogen rates fall within the flatter part of the curve. 

Also, the frequent occurrence of flat pay-off functions for nitrogen fertilisers allows farmers to operate at nitrogen levels slightly lower than the theoretical economic optimum nitrogen rate (Pannell, 2006, 2017). As illustrated in Figure 3, the crop yield curve flattens at high nitrogen rates, indicating that the gross margin or profit at those nitrogen rates remains relatively constant (See Figure 4). As Pannell (2017) describes, ‘there always exists a range of fertiliser rates that are only slightly less profitable than the profit maximising rate…, that flat range is wide’ (p. 4). This means farmers have the flexibility to choose lower nitrogen rates without losing much profit by having a range of nitrogen rates instead of a single rate. 

Direct emissions from nitrogen applied in rice production and the social optimum nitrogen rate

Farmers’ decisions on fertiliser use are still driven by private goals, such as maximising profit or achieving a higher return on capital invested in fertiliser, which involve considerations of risk and uncertainty. However, they often lack awareness of the negative externalities associated with nitrogen fertiliser use, particularly the costs it places on society. The negative externalities of nitrogen fertiliser use, the social costs that account for these externalities, and social optimum nitrogen rates farmers can use to minimise social costs, are crucial information in policymaking that can be used to address the externalities while informing the public. 

Deriving the social optimum nitrogen rate involves another range of technical, economic and environmental factors in addition to those considered under agronomic and theoretical private economic optimum nitrogen rates. The social optimum nitrogen rate indicates the range of N use where net benefits to society can be maximised while minimising social costs. The derivation requires advanced information on emissions of nitrogen from fertiliser applied to soil in crop production and the costs of the negative impacts of emissions on society and is a key tool that informs policy decisions on N pollution management. 

Nitrogen in fertiliser applied to soil that is not taken up by the plant escapes the soil through loss pathways of denitrification, volatilisation, and leaching, as nitrous oxide gas (N2O), ammonia gas (NH3), and nitrates (NO2- and NO3-), respectively. These products of nitrogen, N2O, NH3, and nitrates, once emitted to the environment, cause global warming, leading to climate change, air pollution, respiratory diseases, and underground and surface water pollution, leading to biodiversity losses and health issues. Scientists have developed methods to quantify the losses, and economists have developed methods to assess the cost of the damage caused by these emissions, but based on assumptions related to uncertainties (Gourevitch et al., 2018). It is very challenging to quantify all N losses and damage/ negative externality costs of all forms of N emitted upon application to crops, given the higher degree of uncertainties. The choice of methods used to quantify N losses and value damages from such N losses can significantly influence the derived outcomes of socially optimal nitrogen rates (Gourevitch et al., 2018).

Given the difficulties in assessing the effects and quantifying the N losses and associated negative externality costs of NH3 and nitrates, only the direct emissions of N2O from nitrogen fertiliser and associated damage costs have been accounted for in this study, as explained above. 

N2O is a greenhouse gas (GHG) that causes global warming, and it is produced from a point source of pollution. The associated external/damage costs from N2O are extensively assessed and identified with respect to its global warming potential expressed in CO2e. Therefore, calculating the social cost of N2O is straightforward with the standardised method once the amount of N2O emitted to the atmosphere from N application is known. 

Similar to yield responses, N2O emissions from applied nitrogen fertiliser in a cropping soil are also site-specific and vary depending on a range of technical and environmental factors such as soil moisture, soil microbiome, soil acidity, temperature, rainfall, management practices, etc. There are two methods to quantify N2O emissions: emission factors that are more average and generic in application, and emission functions that are more site-specific. Estimates of emissions obtained from emission functions tend to be closer to reality than an average default value provided by an emission factor, given that emissions from soils also depend on soil and weather conditions, management, etc. Grace et al. (2016) used a two-component (linear + exponential) model for N2O emissions from cotton crops in Australia, showing that assuming a linear relationship for emissions would lead to an under- or overestimation of emissions because the emissions function for cotton signified an exponential trend in emissions beyond a certain level of N application rate. Unfortunately, no such emissions function has been developed for the Lao wet-season rice crop yet; hence, the calculation of emissions in this study was derived from the emission factor of 0.01 or 1 per cent that is universal for all cropping scenarios using nitrogen fertiliser, as the only available source. 

It is also important to highlight the carbon cost estimate used in this study.  The cost of carbon is an estimate of the damage caused by global warming from CO2 as a GHG in the atmosphere, and varies widely across countries, depending on the models used to value impacts. There is no formally accepted valuation for the social cost of carbon in Lao PDR, hence, the external costs derived in this study were based on the carbon cost in Australia converted to Lao KIP. The carbon cost in Australia is currently set at AUD 20 per tonne of emissions (ACT Climate Change Council, 2021). It has been estimated that the cost could even exceed AUD 185 per tonne when global impacts and future damages are taken into consideration. For the externality cost calculations in this study, a range between AUD 50 and 120, with a mean of AUD 80 per tonne of CO2e, was assumed. This value was then converted to Lao KIP. 

The social optimum rate of nitrogen is decided by deriving the marginal external cost of direct nitrogen emissions at each nitrogen rate and identifying the rate where the social benefits and social costs are equal, as shown in Figure 5. It is important to note that emission factors only derive a uniform amount of emission at each rate of nitrogen, hence a uniform marginal external cost for all nitrogen rates (5,242 KIP/kg of N). In contrast, if an emission function were used, it would yield increasing emissions with each unit of nitrogen; therefore, the marginal external cost of emissions associated with each unit of nitrogen varies and tends to increase as the nitrogen rate increases. 

Another option could be where both farmers (using N) and consumers (users of the produce) share the externality cost. In this case, the share of the external cost borne by each party is determined by the price elasticities of demand and supply of nitrogen and the product (rice in this case), where the party that has a lower price elasticity (price inelastic) bears the highest portion of the cost. Farmers who often use fertilisers in their crop production tend to have an inelastic demand for nitrogen fertiliser, as the change in fertiliser quantity in response to a change in fertiliser price is very low. According to Table 1, farmers’ fertiliser use would drop by nearly 6 per cent when the price of nitrogen increases by 17 per cent with a tax equal to the marginal external cost of N. The reason for this is that the total marginal value product of nitrogen is high over most of the range of use of the input. This is because the marginal benefits of N in this range of use of N are so substantial relative to any added cost.

Other emissions from nitrogen fertiliser applied in rice production

In addition to direct emissions of N2O, there are other types of losses, such as ammonia (NH3) and nitrates (NO3- and NO2-) resulting from nitrogen fertiliser applied in cropping soils. Quantifying the effects of air pollution from NH3 in the atmosphere emitted via volatilisation and water pollution resulting from nitrates leached into water bodies is challenging and difficult to assess because they are non-point source pollutions, which require a case-by-case analysis (Rathnayake et al., 2023). The negative externality costs of effects that are evaluated case by case tend to vary widely (Keeler et al., 2016). 

For example, potential damages from NH3 in the air can cause acid deposition, destroying vegetation, natural habitats, eutrophication of aquatic ecosystems, and human health problems such as respiratory diseases. The damages could be felt not limited to the site of the source, but elsewhere, at varying degrees and severities, depending on the direction and speed of the wind carrying NH3 molecules. Similarly, nitrate leaching, being a non-point source pollution, could lead to water pollution elsewhere by nitrates being carried along in surface water and groundwater. If the polluted water sources are used for human consumption, it will create significant damage to human health. Therefore, a genuine case-by-case analysis with in-depth investigations of nitrogen emission pathways, movements of pollutants, human, plant, and animal populations, and ecosystems that would be potentially affected must be studied to properly assess damage costs. In the context of the Lao PDR, rice fields are located along riverbanks, in heavily populated areas (Vientiane capital), and inside villages, with a higher possibility of causing NH3 pollution and pollution of streams, rivers, etc, and even ponds within villages and farms used for aquaculture. 

Alternatively, wet-season rice production also contributes to methane (CH4) emissions, which make up the largest share of the total greenhouse gases from the crop, also including N2O and CO2 (Arunrat and Pumijumnong, 2017). It has been found that nitrogen fertiliser applications have direct effects on CH4 emissions in wet season rice crops during the growing period and even afterwards in flooded fallow areas (Cai et al., 2007; Hoa et al., 2016; Wu et al., 2025; Xu et al., 2020). Similar to nitrogen emissions, CH4 emissions are difficult to quantify because soil chemical reactions that lead to emissions are influenced by changing soil and environmental conditions, along with management practices, so they require a case-specific analysis. Measuring N losses and assessing the related externality costs on a case-by-case basis needs advanced experiments with more sophisticated technologies and valuation methods to estimate the damages caused by emissions.  

Informing farmers and policymakers regarding decisions on fertiliser use

With rising concerns about climate change and global warming, initiatives have been undertaken worldwide to address these issues and implement changes across sectors that contribute to them. Regenerative or sustainable agricultural practices that rely on minimal chemical inputs, including fertiliser, plant pesticides and weedicides, and environmentally sustainable farming systems for crop and animal production are therefore increasingly encouraged in the agricultural sector. 

Consequently, the Lao Government has placed a high priority on ‘sustainability’. The stated aims of the sustainable growth policy are (i) to limit pollution, (ii) to reduce waste and greenhouse gas emissions, and (iii) for agriculture to be conducted in ways that are ‘sustainable’. One pillar of the Lao PDR Government’s ‘Green and Sustainable Agriculture Framework’ (Ministry of Agriculture and Forestry, 2021) is expressed as: ‘natural and sustainable nutrient inputs – minimising dependence on external sources for crop nutrients and promoting the production of biofertilizers via nitrogen-rich crops or on-farm recycling of crop residues and livestock waste.’ (p.15). 

While the Lao government has only set the platform through initial policy frameworks, a range of other policy tools and mechanisms can be used to address environmental concerns. Information on optimal fertiliser rates, losses and associated costs of negative externalities is crucial to advise such policies. 

Taxes or levies on fertilisers, quotas on fertiliser use, easements, deposit refund systems, creating markets to trade permits to pollute, incentive payments to reduce pollution, and awareness among the public (Malcolm et al., 2022; Pannell, 2017) are some of the options available for implementation. 
The effectiveness of such options cannot be simply assumed; instead, they must be studied in detail based on evidence and complete information on the costs of the damage and costs that would be incurred to correct them through policy implementation. Otherwise, such policies lacking sufficient analysis could result in unintended consequences. Malcolm et al. (2022) explained, ‘The choice of the mechanism to correct a market failure depends on the nature of the market failure and the least cost, most effective way of correcting it – and the costs of fixing it, including government failure and rent-seeking by private sector operatives. The failure should only be corrected if the costs incurred are less than the benefits of fixing it.’ (p. 105).

Sometimes, direct government intervention to address market failures/ internalise externalities through such policies would not be the most effective option. Instead, public-private partnerships would be a suitable option that can address market failures to reduce external costs while increasing the economic surplus (social welfare). Arrangements that involve private sectors and public support, leading to additional research and development and extension on new products, technologies and farming practices, are an example in this case. Enhanced efficiency fertilisers (EEFs) have been introduced through research and development on fertiliser technologies as a solution to reducing emissions and leaching, especially nitrogen fertilisers. In the context of Lao rice production, as farmers mainly engage in rice farming for subsistence under financial constraints on fertiliser use, EEFs would be too expensive to use on a broader scale. However, with further RD&E arrangements that improve fertiliser technologies and cost reductions, EEFs could be made affordable to farmers. 

Conclusion 

There are several rates of nitrogen fertilisers that lowland wet-season rice farmers in Lao can apply, depending on the goal they are aiming to achieve. Decisions on fertiliser application are made on technical and economic factors. Additionally, Lao farmers are highly likely to account for risk when applying fertiliser in the wet season because of high rainfall events and potential yield losses. Profit maximisation might not be in their best interest; instead, they use N such that the return on the capital is high to allow for the risks and cost of finance.

Nitrogen fertiliser application to rice production comes at a cost to society because of the negative externalities associated with emissions from fertilisers. Nitrous oxide emissions lead to global warming, ammonia causes air pollution, and nitrates leaching from soils can pollute water bodies. Estimating quantities of emissions and associated costs requires sophisticated technical and economic data. This information can be used to inform policy decisions that address the environmental issues of fertiliser use. There is a range of policy tools available for the Lao government to consider when driving towards sustainability goals in agriculture. The most effective policy to implement can only be decided after studying and analysing its cost-effectiveness.  

The costs of these negative externalities on society and the environment from nitrogen fertiliser use in agriculture are usually not accounted for in the price of nitrogen fertiliser products, or at the farm level during application or in the price of food products produced using nitrogen fertilisers. Policies to internalise negative externalities require information about socially optimum levels of nitrogen fertiliser use and the associated appropriate level of nitrogen pollution. The appropriate policy must be determined by a thorough investigation of potential options. 
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Appendix
The information provided in Table A1 was used to calculate the optimal N rates and the external costs of N emissions. 
Table A1. Notes on data used to obtain results
	Parameter
	Value
	Notes/Assumptions

	Price of Urea (KIP/kg)
	11,480
	It is assumed that urea (46% N) is the only N source used.
Average prices of Urea and paddy rice prevailed between 2020 and 2025 were used, excluding any abnormal price hikes during 2022-23, when global fertiliser prices increased significantly

	Price of paddy at farmgate (KIP/kg)
	7,500
	

	Labour wage rate (KIP/day)	
	150,000
	It is assumed that 0.0285 labour days (2 labour days to apply 70 kg of N: used from farm level budgets) are needed to apply 1 kg of N 

	Carbon price (KIP/kg CO2e)
	1,112
	A carbon price (the social cost of CO2) is assumed to be around a range between AUD 50 and 120, with a mean of AUD 80 per tonne of CO2e (AUD converted to KIP at an exchange rate of 13,900 KIP per AUD) to account for global impacts and future damages caused by CO2 emissions.
Emission factor of 0.01 or 1 per cent
Conversion factor of 44/28 = 1.571 
Amount of N2O emitted from 1 kg of N in fertiliser = 0.0157 kg
Amount of CO2e emitted from 1 kg of N fertiliser = 4.714 kg
Marginal external cost of 1 kg of N fertiliser = 5,242 KIP
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Figure 1. Simple economic model to optimise profit from application of nitrogen
fertilizer. PN = price per unit of nitrogen (S/kg), PY = sale price of grain (S/tonne).




