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The main objective of the project was to support the Ministry of ecology, geology 

and natural resources of the Republic of Kazakhstan in the establishment of a 

sustainable waste management system providing for the reduction of greenhouse gas 

emissions in Kazakhstan. Implementation of the project allowed to elaborate scenarios 

for the development of the waste sector and on the basis of quantitative assessment 

identify the best sector development scenario. Quantitative assessment (System 

Dynamics modeling) focused on the following types of waste that has a high CO2 

reduction potential: MSW (incl. medical waste), agricultural waste, sewage sludge (silt 

sludge),. The project allowed to analyze and model the development of the situation 

with waste management in the Republic of Kazakhstan, taking into account alternative 

scenarios, with obtaining quantitative indicators that affect GHG emissions.   

Within the project based on competitive tendering process in line with UNDP 

procedures an international consultant has been hired with extensive experience in SD 

modelling (social, economic and environmental indicators) and relevant competencies 

of development scenarios for the waste sector.  

Project resulted in the development of the waste model, which tracks track waste 

flows (MSW(incl. medical waste), wastewater, agriculture and livestock waste) to 

analyze outcomes of several intervention options (e.g. recycling and reuse, waste to 

energy, wastewater treatment, organic fertilizer production) on GHG emissions, 

employment creation and economic activity. The model was set up to analyze changes 

in waste flows at national level, from the year 2000 until 2050 and allowed for:  

-analysis and identification of all factors and processes, including technological 

solutions that affect and have a potentially positive impact on the development of the 

waste management sector in Kazakhstan (MSW, agricultural waste, sewage sludge, 

medical waste), based on data provided by the UNDP national expert (statistical data, 

reviews, analyzes and other materials);   

- analysis of the chain of cause-and-effect relations of these factors with description 

of the chain of cause-and-effect relations between factors displayed in the model using 

variable states, taking into account the impact on the system of external factors; 

-development of description of these variables in a structured way; 

-development of description of the structures displayed in the model of causal 

relations between factors in the form of a verbal description; 

-description of developments in the field of waste management in Kazakhstan, 

considering alternative scenarios. Elaborated documents attached (Annex 1-5).  

Therefore, the project allowed to develop a verbal description, formulated in the 

form of clear verbal constructions, containing a preliminary description of the entire 

structure of causal relations displayed in the waste sector model and fixed with special 

diagram representation of flow diagrams and diagrams of cause and effect relations and 

identify the interdependencies of the factors of the simulated problem situation 

translated into quantitative analysis which will inform elaboration of the waste section 

of  Low-carbon development strategy of Kazakhstan 2050.  

 

 



 

 

 

 

List of Annexes:  

o Annex 1- Kazakhstan waste sector model (.mdl) file; 

o Annex 2- Proposed scenarios, discussed during the working group meeting 

(Excel file, waste sector scenario definitions); 

o Annex 3- Sample of outputs (excel file, outputs waste; 

o Annex 4- Dataset for modelling (excel file, data list); 

o Annex 5-Model documentation and description of the results.  

 

  



Annex 5-Model documentation and description of the results.  

 
 

 

1. Waste  
The waste model will track waste flows (MSW, wastewater, agriculture and livestock waste) 

to analyze outcomes of several intervention options (e.g. recycling and reuse, waste to energy, 

wastewater treatment, organic fertilizer production) on GHG emissions, employment creation 

and economic activity. The model is set up to analyze changes in waste flows at national level, 

from the year 2000 until 2050  

1.1. Overview 
The dynamics of the waste sector are presented in the Causal Loop diagram in Figure 1. The 

CLD illustrates the key dynamics of the waste sector (using plastics as an example) and shows 

entry points for potential policies (orange variables). The diagram will be revised and finalized 

once more data are collected and an initial version of the mathematical model is available. 

 
Figure 1: CLD KAZ LEDs waste analysis 

The methodology for improved collection, recycling and reuse and waste-to-energy potential 

will follow the approach outlined in the report of the European Bank for Reconstruction and 

Development on bioenergy opportunities in the Kazakh agribusiness sector (EBRD, 2017). 

This report provides information about the current use of biomass, available bioenergy 

production inputs and the cost of establishing the infrastructure for producing energy from 

waste. The potential for reuse of manure from livestock will be based instead ion case studies, 

with the potential to convert manure into fertilizer or energy. Various technologies will be 

analyzed instead as options for wastewater management. 

The model uses a biophysical approach, tracking first and foremost materials flow. It will allow 

to test assumptions about changing patters of consumption, increased efforts for collection, 

sorting, storage, and then explore the outcomes of landfilling, incineration and recycling and 

reuse. Investments, resulting avoided costs and added benefits of each intervention option will 

be identified, estimated and summarized in a cost benefit analysis that includes social, 

economic and environmental indicators. 
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1.2. Structural documentation of the model 

1.2.1. Municipal Solid Waste (MSW) 

The MSW model captures the different waste streams in MSW and the management 

approaches currently used for MSW collection, sorting and recycling. The following waste 

streams are considered in the MSW model:  

• Organic waste 

• Paper 

• Plastics 

• Glass 

• Metals, and 

• Mixed solid waste 

There are various technologies in the waste management sector, some of which supporting the 

linear waste management model (i.e. cradle to grave) and others supporting the recycling and/or 

reuse of materials (i.e. cradle to cradle). The MSW model considers the following processes 

and technologies: 

• Waste collection  

• Waste sorting plants 

• Recycling plants 

• Landfills 

• Incineration 

• Waste-to-energy 

The model will simulate different intervention scenarios with user defined targets on key 

assumptions such as the recycling rate, or the establishment of waste-to-energy. For example, 

the model can be used for analyzing the impacts of reaching biowaste recycling targets (e.g. 

40% by 2040 and 50% by 2050) and resulting impacts on employment generation and waste 

management related emissions, and health impacts. The following scenarios (interventions) 

will be simulated related to MSW management:  

• Prevention of waste (reducing use of one-way items), banning landfilling 

• Waste-related taxation and impacts on waste disposal  

• Improved collection and sorting of MSW 

• Improved recycling of MSW 

• Waste-to-energy using MSW as fuel (use of 40% of biomass in MSW by 2040, 50% by 2050) 

The MSW model allows for analyzing a variety of scenario outcomes. For instance, increasing 

the recycling fraction would prevent the amount of waste stored on landfills and provide 

information about the domestic production potential of secondary materials. Improvements in 

waste sorting and recycling can create additional jobs and mitigate waste-related adverse socio-

environmental impacts such as GHG emissions, particle pollution and water pollution from 

landfill leakages. Furthermore, the use of secondary materials potentially reduces input costs 

for producers and thereby increases their competitiveness. 

The economic analysis is carried out using an integrated Cost Benefit Analysis (CBA). The 

integrated CBA summarizes intervention-related investment and operations costs, avoided 

costs and added benefits and hence provides a more holistic perspective on the pros and cons 

of each intervention option. The CBA provides cumulative values for each of the indicators, 

considering the lifetime of the investment and/or the duration of impacts. A summary of output 

indicators that are reported in the integrated CBA is provided in Table 1. 

Category Indicator 

Investment and operations cost Capital investment  

 O&M costs  



 Required subsidies/incentives 

Avoided costs Landfilling cost 

 Energy cost 

 Social cost of carbon 

Added benefits Employment and labor income 

 Revenue generation from recycling and reuse 
Table 1: Overview of output indicators MSW model 

The structure developed for Municipal Solid Waste (MSW) generation distinguishes between 

public and non-public waste management and contains various waste management options and 

associated costs. The flow chart in Figure 2 is illustrative of the structure developed for MSW 

generation and treatment.  

 
Figure 2: Flow chart Municipal Solid Waste Management 2019 

MSW generation is calculated based on total population and a per capita waste generation 

multiplier. The equation below is used for calculating total municipal solid waste generation.  
municipal solid waste generation by material =  

population * MSW GENERATION PER CAPITA AGGREGATE(Time) * (1 - leds reduction in msw per capita) 

The total amount of MSW is subsequently distributed across different waste management 

stages. Waste management technologies considered for MSW management are mirroring the 

waste flows presented in the flow chart above. The following management steps and 

technologies are considered for the management of MSW:  
- Waste collection (public-service and non-public service) 

- Waste sorting 

- Material recovery (recycling) 

- Composting (residential and commercial) 

- Mechanical treatment 

- Energy recovery (conventional and RDF) 

- Biological stabilization 
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- Landfill, and 

- Incineration 

The respective shares of MWS management approaches were derived from the 2019 MSW 

flow chart obtained from national experts and based on national data. Waste flows through the 

waste management system and is distributed across different management modes using 

fractions. The equation for home composting of MSW serves for illustration purposes.  
msw home composted =  

municipal solid waste generation * share home composted 

The same approach is used to distribute the waste across different treatment technologies.  

Waste management cost for MSW treatment are calculated using the respective waste flows 

and cost assumptions for each treatment method. Error! Reference source not found. presents 

capital and operations cost per ton of waste treated for each of the treatment methods 

considered. The cost parameters are preliminary and were obtained from waste management 

experts for Hungary. 

Municipal solid waste management cost Capital cost O&M cost 

Public service collection USD/Ton/Year USD/Ton/Year 

Mixed collection  98.2 49.8 

Energy recovery 641.8 40.0 

Mechanical treatment  155.6 32.4 

Mechanical treatment from mixed collection N/A N/A 

Mechanical treatment of selective collected and sorting residue N/A N/A 

Stabilization 161.7 15.4 

Energy recovery RDF  N/A N/A 

Selective collection  314.7 97.7 

Sorting 1,186.1 57.6 

Recycling (without sorting) N/A N/A 

Composting 207.9 28.2 

Home composting N/A N/A 

Non-public service collection  75.5 N/A 

Recycling N/A N/A 

Total landfilled /deposited N/A N/A 

Table 2: Overview of waste management cost by type of treatment (2019) 

1.2.2. Municipal Solid Waste management cost 

To analyze policy impacts on total MSW management investment and operations cost, capital 

and operations expenditure across all MSW technologies are summed up to obtain total capital 

expenditure and total operations expenditure for MSW management. The sum of both 

represents the total annual cost of municipal waste management. The causes tree in Figure 3 

illustrates all variables used to calculate the total annual cost of municipal solid waste 

management.  



 
Figure 3: Causes tree Total annual cost of municipal waste management 

Finally, to ensure consistency across the different waste management streams indicated by 

national statistics, MSW flows are summed up in the following way to obtain the aggregate 

flows: 
- Waste for energy recovery 

o MSW used for energy recovery 

o MSW used for energy recovery RDF 

- Waste for material recovery 

o MSW from mechanical treatment recycled 

o MSW from non-public collection recycled 

o MSW from sorting recycled 

- Waste incineration  

o None 

- Waste to landfill 

o MSW from mixed collection landfilled 

o MSW from non-public collection landfilled 

o MSW from sorting landfilled 

o MSW from energy recovery landfilled 

o MSW from mechanical treatment landfilled 

o MSW from biological stabilization landfilled 

- Other treatment of waste 

o MSW from selective collection composted 

o MSW home composted 

1.3. Employment from waste management 
Employment from waste management is calculated based on the five aggregate waste streams 

and a respective employment per ton treated multiplier for each. The causes tree in Figure 4 

presents the variables used to calculate the total employment from waste management. 
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Figure 4: Causes tree Total employment from waste management 

 

1.3.1. Wastewater and sludge 

The wastewater model captures wastewater generation and treatment, and the sludge generated 

at wastewater treatment facilities. The sludge generated is considered an input into waste-to-

energy production systems for producing power and heat. The following technologies are 

considered in the model:  

• Wastewater treatment (technologies to be chosen based on actual infrastructure) 

o Physical removal 

o Ultrafiltration 

o Reverse osmosis 

• Waste-to-energy production plant, biogas 

The wastewater model is developed to assess the impacts of using wastewater sludge for power 

generation and the related impacts on wastewater related GHG emissions. The analysis is based 

on the following scenarios:  

• Improved sludge processing and introduction of biogas plants at wastewater treatment 

facilities 

The economic analysis is carried out using an integrated CBA, summarizing investment and 

operations cost, avoided costs and added benefits for each of the simulated interventions. Table 

4 provides an overview of the indicators in the CBA 

Category Indicator 

Investment and operations cost Capital investment  

 O&M costs  

 Required subsidies/incentives 

Avoided costs Energy cost 

 Emissions and health cost 

 Social cost of carbon 

Added benefits Labor income 

 Revenue generation 
Table 3: Overview of output indicators sludge processing  model 

The wastewater generation module assumes that only a share of population is connected to 

centralized wastewater treatment. Wastewater generation in GEM is calculated by multiplying 

the average wastewater generation per capita by total population. The amount of wastewater 

that is to be treated is calculated as a share of total wastewater. The share of wastewater to 

treatment was obtained from national statistics.  
wastewater to treatment =  

wastewater generation * SHARE OF WASTEWATER TO TREATMENT TABLE(Time) 

total employment from waste management

employment from other treatment of waste
EMPLOYMENT PER TON OF WASTE TO OTHER TREATMENT

total waste to other treatment

employment from waste collection
EMPLOYMENT PER TON OF WASTE COLLECTED

total waste collected

employment from waste energy recovery
EMPLOYMENT PER TON OF WASTE USED FOR ENERGY RECOVERY

total waste for energy recovery

employment from waste incineration
EMPLOYMENT PER TON OF WASTE INCINERATED

total waste incinerated

employment from waste landfilling
EMPLOYMENT PER TON OF WASTE LANDFILLED

total waste to landfill

total employment from msw material recoveryemployment from msw material recovery



The model assumes that N loadings for treatment facilities are subject to the wastewater 

treatment structure described in the next paragraph. All other N loadings generated from 

population are assumed to be released into the environment untreated. The population 

connected to wastewater treatment facilities is calculated based on the share of population 

connected to wastewater treatment. N loadings in wastewater are calculated by multiplying the 

respective amount of people by the average annual per capita N loadings.  

The causes tree in Figure 5 shows the variables used for calculating the total annual N loadings 

from wastewater.  

 

 
Figure 5: Causes tree total annual N loadings from wastewater 

While loadings from unsewered population are assumed to be released untreated, the N 

loadings from population after wastewater treatment are calculated based on N loadings for 

treatment, the share of wastewater treated and the efficiency of WWTF. Total annual N 

loadings hence represents the total amount of N from wastewater (both treated and untreated) 

that is released into surface water bodies.  
total annual n loadings from population after WWTF =  

n loadings from population for wwtf * share of wastewater in sewage treated * (1-weighted average wwtf 

efficiency) + n loadings from population for wwtf * (1-share of wastewater in sewage treated) 

Total annual N loadings from wastewater are used to estimate the total cost of releasing N into 

the environment. The total cost of releasing N into the environment is calculated by multiplying 

the total annual N loadings from wastewater by the cost per kilogram of N released into the 

environment. Divided by total real GDP, the total cost of releasing N loadings into the 

environment yields the share of N release cost in total real GDP.  
share of n release cost in total real GDP =  

ZIDZ(total cost of releasing n into the environment, real GDP) 

The share of N release in total real GDP is used to estimate the effect of wastewater treatment 

on total factor productivity on all three production sectors, as described in the documentation 

of the modules for estimating sectoral and total GDP.  

Wastewater treatment 

The wastewater treatment module serves for calculating total wastewater treatment facility 

(WWTF) capacity and the share of wastewater treated. It provides information about the 

coverage and efficiency of wastewater treatment and the N loadings that are removed from 

wastewater influent.  

Wastewater treatment capacity is modeled as a stock that changes based on the construction 

rate and the depreciation of wastewater treatment capacity. The stock equation can be described 

as 
Wastewater Treatment Capacityt+1 =  

Wastewater Treatment Capacityt0 + construction rate WWTF capacityt0 - depreciation of WWTFt0  

The construction rate of WWTF capacity calculates the difference between the desired and 

currently installed WWTF capacity. The stock equation of WWTF capacity integrates this 

difference in capacity over time. In addition to this adjustment process, the construction rate 

also considers the depreciation of capacity, assuming that new capacity will be operational 

once the current capacity reaches the end of its lifetime.  

total annual n loading from wastewater

n loadings from directly discharged wastewater

Time

total annual n loadings from population

SHARE OF POPULATION TREATED TABLE

total annual n loadings from population after wwtf

n loadings from population for wwtf

share of wastewater in sewage treated

weighted average wwtf efficiency



construction of WWTF capacity =  

IF THEN ELSE ( required WWTF capacity> Wastewater Treatment Capacity, desired WWTF adjustment / 

TIME TO CONSTRUCT WWTF PLANTS + WWTF replacement rate, 0) 

The IF THEN ELSE function ensures that construction of WWTF capacity only occurs if there 

is a shortage of capacity. It basically serves as a MIN function in that it prevents the 

construction rate to become negative if the current level of WWTF capacity is higher than 

required. The depreciation rate of WWTF capacity is formulated as a delay function that 

assumes that capacity will be decommissioned after the end of its intended lifetime.  
Depreciation Of WWTF =  

DELAY FIXED(construction of WWTF capacity, AVERAGE LIFETIME WWTF, 0) 

The amount of wastewater treated is defined as the current stock level of wastewater treatment 

capacity, as the unit of capacity is defined as liters per year. The share of wastewater treated 

and the amount of wastewater untreated are calculated based on the total amount of wastewater 

from population to treatment and the amount of wastewater treated. The share of wastewater 

in sewage treated is calculated using the following equation 
share of wastewater in sewage treated =  

MIN(SHARE OF WASTEWATER TO TREATMENT TABLE(Time),ZIDZ(amount of wastewater treated , 

wastewater to treatment))  

The MIN function choses between the share of wastewater for treatment and the potential share 

of wastewater treatment (formulated as wastewater treated divided by total wastewater). This 

formulation ensures that only wastewater dedicated for treatment is treated. The ZIDZ function 

used for the potential treatment share prevents an integration error in case of a division by zero, 

which would occur if the amount of wastewater from population to treatment would drop to 

zero. The residual amount of wastewater untreated is calculated by deducting the amount of 

wastewater treated, defined as wastewater treatment capacity, from the total amount of 

wastewater for treatment.  

The average N concentration in wastewater effluent from WWTF depends on the total amount 

of wastewater for treatment, the share of wastewater treated and the N concentration of the 

wastewater reaching the sewage plants.  
average n concentration wastewater from WWTF =  

n concentration in wastewater for WWTF * (1-share of wastewater in sewage treated) + n concentration of 

treated wastewater from WWTF * share of wastewater in sewage treated 

It is calculated as a weighted average between the N concentration in water that is not treated 

(e.g. in case of capacity shortages or blackouts) and the concentration of treated wastewater, 

which depends on the N concentration of wastewater inflow and the N removal efficiency of 

WWTF capacity.  
n concentration of treated wastewater from WWTF =  

n concentration in wastewater for WWTF * (1-weighted average wwtf efficiency) 

The total N loadings in treated wastewater are then calculated by multiplying the total 

wastewater quantity reaching the treatment plants by the weighted average N concentration of 

treated wastewater from wastewater treatment.  
total n loadings in treated wastewater =  

total wastewater from population to treatment * average n concentration wastewater from wwtf 

The model further calculates the amount of sludge that is generated from treating wastewater 

at municipal treatment plants. Sludge generation is calculated by wastewater treatment 

technology, using the equation below.  
sludge generation from wastewater by technology[wwtf] =  

(amount of wastewater treated * FRACTION OF WWTF TECHNOLOGY INSTALLED[wwtf]) * AVERAGE 

SLUDGE GENERATION BY TECHNOLOGY[wwtf] / (1 - leds reduction in wastewater generation) / KG PER 

TON 

Total sludge generated from wastewater treatment is subsequently calculated as the sum of 

sludge generated at different treatment technologies. The total amount of sludge generated is 

used for calculating wastewater related GHG emissions and to estimate the bioenergy 

generation potential from sludge, as illustrated by the uses tree in FIGURE.  



 
Figure 6: Uses tree total sludge generation from wastewater 

Dry sludge generation is calculated by multiplying total sludge generation by the share of dry 

content in sludge. In GEM, dry sludge serves to estimate the energy generation potential from 

sludge, which indicates the total electricity yield that could be realized if all sludge would be 

used for electricity generation.  
energy generation potential from sludge =  

dry sludge generation * average energy content per ton of dry sludge / CONVERSION KW TO MW 

The required capacity for realizing the sludge energy generation potential is calculated based 

on the available energy generation potential, corresponding to the total energy generation 

potential less the amount of energy that is already generated from sludge use, the efficiency 

factor of biogas facilities and the number of hours per year.  
required capacity for realizing sludge energy generation potential =  

available energy generation potential from sludge/EFFICIENCY FACTOR BIOGAS FACILITY/hours per year 

 

1.3.2. Agricultural waste  

The agricultural waste model captures agricultural waste streams and their potential for energy 

generation and fertilizer production. The following agricultural waste streams are captured in 

this model:  

• Manure  

• Crop residues 

The above-listed inputs will be used for the production of bioenergy in digestors or combined 

heat and power plants. With regards to energy production potential, a study by the United 

Nations indicates that agricultural waste would provide 258 MW of fuel in the Akmola region, 

244 MW of fuel in the Kostanay region and 122 MW of fuel in East-Kazakhstan region (UN 

ESCAP, 2019). A more detailed assessment of available potential for bioenergy production is 

provided by the European Bank for Reconstruction and Development, by oblast (EBRD, 2017). 

To enable the envisaged analysis, the following technologies for processing (or managing) 

agricultural waste streams are considered in the KAZ LEDS model:  

• Manure-based fertilizer production plants 

• Waste-to-energy  

o Agricultural waste incineration in boiler plants 

o Biogas production from agricultural waste 

o Biogas to heat and electricity 

The model simulates agriculture waste stream-based fertilizer and bioenergy production and 

related impacts on key indicators of the waste sector including waste related externalities. The 

interventions hold considerable potential for generating employment and revenues while 

reducing environmental pressures. In case of manure-based fertilizer production, manure is 

collected and used for productive purposes, which alleviates the negative impacts of excess 

nutrient loads reaching the environment, and soil losses. The productive use of manure will 

also reduce N2O emissions from manure that would end up on pasture or in manure 

management systems. The production of bioenergy from agricultural waste streams reduces 

the amount of landfilled biomass and hence GHG emission related to the decomposition of 

organic materials in an anaerobic environment (e.g. CH4 emissions).  

total sludge generation from wastewater

co2e emissions from wastewater

dry sludge generation
energy generation potential from sludge

tons of sludge per mwh produced



The economic analysis is carried out in form of an integrated CBA that summarizes required 

investment and operations cost, avoided costs and added benefits for all scenarios. The 

indicators included in the integrated CBA are summarized in Table 4. 

Category Indicator 

Investment and operations cost Capital investment  

 O&M costs  

 Required subsidies/incentives 

Avoided costs Energy cost 

 Social cost of carbon 

 Cost of nutrient management 

 Cost of chemical fertilizers 

Added benefits Labor income 

 Revenue generation 
Table 4: Overview of output indicators agricultural waste model 

Fertilizer production potential in GEM is estimated based on the total manure generation by 

livestock category. The causes tree in Figure 7 illustrates the contributors of total manure 

collected. The manure generated by livestock category is calculated by multiplying the number 

of heads (by category) by the respective annual manure volume and the fraction of manure that 

is collected. The calculation of manure generated by pigs serves for illustration purposes.  
manure generated by pigs =  

pigs * manure volume pigs * FRACTION OF MANURE COLLECTED 

 
Figure 7: Causes tree total manure collected 

Manure generated serves for two purposes, (i) the production of compost and manure based 

fertilizer pellets and (ii) the assessment of energy generation potential from manure (biogas 

production).  

The GEM uses the same approach for calculating manure based compost and pellet production. 

The description of the structure for assessing manure based pellets serves for illustration 

purposes. Pellet production potential is based on the total manure collected and the share of 

manure that is dried for pellet production. Dried manure, multiplied by the pellet yield, yields 

total manure collected in kg
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cattle
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FRACTION OF MANURE COLLECTED

manure volume cattle

manure generated by equines
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horses

manure volume equines
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manure volume pigs

pigs

manure generated by poultry

(FRACTION OF MANURE COLLECTED)

manure volume poultry

poultry

manure generated by sheep and goats

(FRACTION OF MANURE COLLECTED)

manure volume sheep and goats

sheep & goats



the total amount of pellets produced. FIG presents the variables used for calculating the total 

quantity of pellets produced.  

 
Figure 8: Causes tree manure based pellet production 

The amount of pellets produced serves for calculating the profits from pellet sales, which are 

calculated as the difference between pellet production costs and pellet sales revenues. Both, 

production costs and revenues are calculated by multiplying the quantity of pellets sold by the 

average production cost and sales price per ton of pellets respectively. Furthermore, the amount 

of pellets produced also serves for estimating the amount of chemical fertilizer that can be 

substituted through the use of pellets. The avoided fertilizer use from the use of pellets is hereby 

equivalent to the amount of pellets multiplied by one minus the share of pellets sold.The net 

benefits from local pellet production and use are calculated as the sum of profits (net revenues) 

from pellet sales and the avoided costs of fertilizer use achieved through the substitution 

through pellets.  
net benefits from pellet production =  

net revenues from pellet production + avoided cost of fertilizers through pellets 

Energy generation potential from manure is estimated by multiplying the amount of manure 

by livestock category by a respective energy content multiplier. For example, energy 

generation potential from cattle is calculated by multiplying the total amount of manure by 

the average energy content per ton of cattle manure. The causes tree in Figure 9 illustrates the 

variables used to calculate the total energy generation potential from manure. 

 
Figure 9: Causes tree total energy generation potential from manure 
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The required capacity for realizing manure energy generation potential is subsequently 

calculated by dividing the total energy generation potential from manure by the efficiency of 

biogas facilities and the number of hours per year. 

Note: To avoid an overestimation of benefits or production from manure, the model uses 

fractions that distribute manure over the three different uses (compost, pellets & energy). 

Across all scenarios, these three fractions sum up to one, which is equivalent to the total amount 

of manure available.  

Agriculture residues 

The GEM estimates two types of agriculture production residues deemed feasible for 

bioenergy generation – crop residues and slaughtering residues. Crop residues are calculated 

based on the total agriculture production rate across all four areas from the agriculture 

module and the ratio of residues to agriculture production. 
crop residues from agriculture production[crop types] =  

SUM(total agriculture production by crop[country area!,crop types]) * RATIO RESIDUES TO AGRICULTURE 

PRODUCTION[crop types] 

The sum of all crop residues multiplied by the calorific value per ton of crop residues yields 

the energy generation potential from crop residues.  

energy generation potential from crop residues =  

SUM(crop residues from agriculture production[crop types!])*calorific value of crop residues 

in mwh per ton 

As with manure and sludge, the required capacity to realize the bioenergy production from 

crop residues is calculated by dividing the total energy production potential by the efficiency 

factor of biogas facilities and the number of hours per year.  

Slaughtering residues and related energy production are estimated based on the total heads of 

livestock whose residues are deemed feasible for energy generation. In this case, residues 

from slaughtering cattle, pigs and poultry constitute the total annual slaughtering residues for 

bioenergy production (see causes tree in Figure 10 below). 

 

 
Figure 10: Causes tree total annual slaughtering residues for bioenergy production 

The total energy generation potential from slaughtering residues is calculated by multiplying 

the amount of slaughtering residues by the average energy production potential per ton, as 

illustrated by the equation below.  
total energy generation potential from slaughtering residues =  

total annual slaughtering residues for bioenergy production*AVERAGE ENERGY PRODUCTION POTENTIAL 

PER TON OF SLAUGHTERING RESIDUES 

The total energy generation potential from slaughtering residues is subsequently divided by the 

efficiency factor of biogas facilities and the number of hours per year to obtain the total required 

capacity for realizing slaughtering residue based energy generation.  

The sum of required capacity for each of the residue streams constitutes the total bioenergy 

generation potential, which is expressed in MW of capacity.  The causes tree in Figure 11 

summarizes the four contributors for estimating the potential for bioenergy production on 

country level.  
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Figure 11: Total country bioenergy generation potential (in MW) 

Additional biogas production and generation capacity 

This module allows for simulating various scenarios in which some or all of the potential for 

bioenergy production described in the previous sections is realized. In other words, this module 

allows for policy analysis of the benefits associated with establishing additional bioenergy 

production capacity, specifically electricity and heat generation. The uses tree in Figure 12  

illustrates the uses tree of additional bioenergy production and generation capacity. Aside from 

electricity and heat production, it is used to estimate  required investments (establishment and 

replacement), operations and maintenance  costs and employment. 

 
Figure 12: Uses tree Additional biogas production and generation capacity 

1.4. Description of results 
The projected development of total MSW generation in the BAU scenario is presented in 

Figure 13 on the left, compared to historical data. By 2050, total MSW generation is forecasted 

to increase to approximately 5.77 million tons, an increase of 18.6% compared to the year 2020. 

The forecasted MSW generation per capita is assumed to remain unchanged between 2020 and 

2050 at 260 kg MSW per capita. The total annual cost of MSW management, presented in 

Figure 13 on the right, consequently increase by 18.6%, from USD 2.37 billion per year in 

2020 to USD 2.81 billion in 2050. 

  
Figure 13: Municipal solid waste generation and total annual cost of municipal solid waste management 
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Total wastewater generation follows the trend in total population and increases by 18.6% 

between 2020 and 2050, from approximately 679.8 billion liters per year to 806.05 billion 

liters per year respectively. As no changes in wastewater treatment efficiency are assumed in 

the BAU scenario, wastewater related N loadings increase by 18.6% as well during the same 

period, from 31,529 tons N per year in 2020 to 37,340 ton N per year in 2050. The 

development of wastewater generation and associated N loadings is presented in Figure 14. 

  
Figure 14: Wastewater generation and total annual N loadings from wastewater released into the environment 

The development of sludge generation from wastewater and CO2e emissions from wastewater 

is presented in Figure 15 compared to historical data. By 2050, the forecasts indicate 1.61 

million tons of sludge, which is equivalent to a net increase of 252,000 tons (+18.6%) compared 

to 2020. Wastewater related CO2e emissions are projected to increase from 2.39 million tons 

in 2020 to 2.83 million tons in 2050.  

  
Figure 15: Total sludge generation and CO2e emissions from wastewater 

The development of crop residues and slaughtering residues available for bioenergy production 

are presented in Figure 16 below. In both cases, residue availability depend on assumptions 

used for and policies implemented in the agriculture production module. By 2050, the total 

amount of crop residues increases by 994,230 tons (+18.7%) and slaughtering residues by 

93,540 tons (+64%) compared to 2020 respectively. 

  
Figure 16: Total crop and slaughtering residues available for bioenergy generation 
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On country level, the above developments lead to an increase of approximately 53.1% in total 

bioenergy production potential. While the required capacity to realize country wide potential 

is indicated at approximately 154,000 MW in 2020, forecasts indicate a net increase in 

required capacity of 81,800 MW by 2050 if 100% of the potential ought to be realized. The 

development of the total bioenergy production potential on country level is presented in 

Figure 17.  

 
Figure 17: Total country bioenergy generation potential 

Figure 18 illustrates the development of the capacity required to realize bioenergy production 

based on the four revenue streams considered. Compared to the year 2020, the projections 

indicate an increase in bioenergy production potential of 18.7% (crop residues), 56.6% 

(manure), 64% (slaughtering waste) and 18.6% (sludge). Crop residue and manure based 

potential assume 100% utilization of available resources, whereby the actual additionally 

implemented capacity considers the net availability of these two position due to conflicting 

uses (e.g. spreading on field, compost and pellet production).  

  

  
Figure 18: Required capacity for realizing bioenergy generation potential by residue stream. 
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