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The milk for a factory in Sululta (Ethiopia) is currently collected at ambient temperature. To increase milk production, the sourcing must be extended. This requires the collection of not only the morning milk but also the evening milk from smallholder farms. To accomplish this, the collection of milk from small farmers has to be improved, whereby the milk quality has to be assured with reasonable cost and environmental impact. A model predicting milk rejection was developed based on initial contamination and time and temperature profiles. With this model, different cooling scenarios we reevaluated regarding the expected effectiveness of reducing the rejection rate during collection. Second, cost estimations were made to implement the scenarios to collect morning and evening milk from smallholder farms. A third criterion was greenhouse gas (GHG) emissions per litre of collected milk. Finally, the feasibility of the scenarios was assessed in terms of technical, practical, and economic aspects. Including both quality and economics, the best scenario can be expected from a cooling centre where farmers bring their milk twice a day, except there are signals that the farmers would not be willing to deliver the evening milk to the centre at night. In that case, an additional collecting system would be needed to increase the milk supply. This would result in higher collection costs and an increased risk of milk rejection at the factory gate. Furthermore, this would reduce the value of the chilling centre, as in that case it would be better to deliver the milk directly to the factory. Both scenarios would increase GHG emissions compared with the current situation. Only the use of an off-grid solar power-driven cooling system at the farms would reduce the GHG emissions. However, this solution is less feasible economically. The applied combination of a simple model, economic analysis and the effect on GHG emissions gives valuable information on the effectiveness and limitations of different cooling scenarios for the milk factory. It can help to successfully apply a scenario for increasing the milk supply.
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INTRODUCTION

Farming communities in developing countries often lack the infrastructure to sufficiently safeguard their perishable produce from deterioration before it can be sold. Depending on the local settings, completely different technical, logistic, or infrastructure options might be proposed to prevent deterioration. Specifically for milk, which is obviously prone to rapid bacterial spoilage when left uncooled, several interventions have been suggested and implemented over the years to improve the situation. Notably in Kenia and Ethiopia, various NGOs have installed refrigeration units at collection points near central roads where electricity is available. Alternatively, various off-grid cooling options have been technically developed to prevent spoilage for part of the milk production already at the farms.

The goal of this study was to determine the best cooling scenario to prevent milk rejection and increase the milk collection potential for a milk factory in Ethiopia. This paper uses a combination of quality models with locally realistic logistic scenarios as a practical way to assess the feasibility of various options. The analysis addresses four common criteria when evaluating the implementation of these scenarios: (1) the effect on the potential yield of good quality milk; (2) the cost-effectiveness; (3) the effect on total greenhouse gas (GHG) emissions; and (4) the technical feasibility and practical and economic consequences. This way of comparing scenarios can hopefully contribute to better implementation of interventions that can genuinely improve the lives of smallholder farmers and stimulate economic growth for them.


Current Situation in Central Ethiopia

In Ethiopia, 98% of the milk is produced by smallholder farmers (Getahun et al., 2019). On average, in peri-urban areas, farmers possess 3.8 cows, which produce about 17 L of milk per day (Vernooij et al., 2010). Part of this production is collected and transported to milk factories, where the milk is pasteurised or further processed into yoghourt, butter, or cheese for upper-class consumers in larger cities.

One of these factories is the Zagol milk factory, located in Sululta, a 1-h-drive north of Addis Ababa, the capital of Ethiopia. The factory has a maximum pasteurisation capacity of 1,000 L/h, but it currently processes only 2,000–3,000 L a day.

The milk and other dairy products from the factory are sold in Addis under the brand name Zagol. According to the factory, the product demand is sufficiently large to sell more than the current production allows for. The challenge for the factory, therefore, is to increase its supply of milk by improving the milk collection process.

Currently, the supply of the milk to the factory comes from three sources. First, the factory itself owns a farm with approximately 100 cows; it also purchases milk from a neighbouring farm of similar size on a daily basis. These two farms together supply about half of the total volume. The other half, about 1,000 L/day, is collected from smallholder farms in the area. This collection used to be done by independent collectors only, but recently, the Zagol factory started its own road collection between Chancho and Derba along with a cooperative. A further increase in the supply of milk by the smallholder farms can be expected provided the reliability of supply can be ensured and the milk quality guaranteed.

The cows of the smallholder farms are milked twice a day, typically around 18:00 in the evening and 6:00 in the morning. In the current situation, normally, only the morning milk is brought to one of several assigned collection points along the road by the milk factory. At the collection points (Figure 1), milk supplied by each smallholder farmer is tested for freshness with an alcohol flocculation test (Sommer and Binney, 1923). For the test, a 5-ml sample of milk is taken and mixed with 5 ml of 70% ethanol solution in a specialised device that is easy to use on the field. If the tested milk has good quality, there will be no coagulation, clotting, or precipitation.


[image: Figure 1]
FIGURE 1. Current situation: collection of morning milk on the road between Derba and Sululta where the Zagol milk factory is situated. Photos: author.


After the offered milk is approved, the volume is measured, and it is gathered in 25 L plastic cans and loaded on an open truck. When all the milk is collected, the truck returns to the factory, where the milk can be tested for a second time before being chilled or processed. Normally, this second test is only done when the milk is from independent milk collectors.

The storage at smallholder farms, the collection of milk and the transport to the factory are commonly done at ambient temperature, which ranges between 5 and 23°C in Sululta. As a result, only the morning milk is collected, because only then is the time between milking and arrival at the factory short enough to prevent quality loss. Nevertheless, a part of the milk arriving at the factory is still not suitable for further production and will be rejected due to its low quality.

Without expanding the sourcing area, collecting the evening milk from smallholder farms would be the easiest way to increase the milk supply for the factory. Such development would also increase the income of smallholder farms by generating more sales possibilities for their surplus raw milk. A complicating factor in Ethiopia is the regular fasting periods, when consumption of milk is not allowed for the majority of the population. In these periods, the demand for milk products is very low at local markets within walking distance, resulting in an oversupply. In Addis, this fluctuation is smaller; therefore, especially in these periods, it would be beneficial if the morning milk as well as the evening milk could be delivered to the factory. If there is an efficient milk-to-factory supply chain, the large price drops during fasting periods could potentially be avoided. In August 2018, the milk price for farmers was about US$0.50/L during the non-fasting period and US$0.33/L in the fasting period. Also, fermented products such as ayib are subject to the same price reduction (Asresie et al., 2018).



Scenarios

To rank the impact of various cooling and collection strategies, we consider seven scenarios that could help to reduce the milk rejection rate. These are depicted in Figure 2 as a sequence of actions.
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FIGURE 2. Scenarios to increase supply and improve raw milk quality at factory delivery. (A) Current situation; (B) chilling centre where evening and morning milk is delivered together in the morning; (C) evening milk is brought separately to the chilling centre by farmers; (D) evening milk is collected separately at farms and brought to the chilling centre; (E) evening milk is collected separately at farms and brought directly to the factory; (F) evening milk is cooled with off-grid coolers at farms and delivered with morning milk; (G) evening milk is cooled with grid-connected refrigerators at farms and delivered together with morning milk.


Scenario A is the reference (current) situation. Scenarios B, C, and D use a chilling centre that is strategically located where farmers can deliver milk. During this study, a chilling centre was under construction in Derba with two separate tanks to provide separate storage of evening and morning milk, double walls for cooling and an inside mixer to reach high cooling rates (Moffat et al., 2016). Upon delivery of the milk, a worker at the chilling centre will cheque its quality. In this approach, a truck from the factory collects the milk from the cooling tanks on a daily basis, e.g., 20-L plastic milk cans, as is the current practise. Before the milk is loaded onto the truck, another quality test can be performed. The time for this collection is less critical, as the milk is already cold, contrary to the current situation.

In scenario B, farmers bring morning and evening milk together to the chilling centre. They keep the evening milk uncooled during the night at the farm. In scenarios C and D, the milk is collected twice a day, directly after milking. In scenario C, farmers bring the milk to the chilling centre themselves, and in scenario D, scooters are used to transport the milk from the farms. In the latter case, the milk is tested and handled by the collector on the scooter.

Scenario E is a combination of scenarios A and D. The morning milk is collected as is currently done, and the evening milk is collected by scooter directly from the farmers. There is no chilling centre involved, and the collection is therefore completely under the control of the factory.

In scenarios F and G, the evening milk is cooled as well, although not in a chilling centre, but at the farm overnight. In the morning, the cold evening milk can be offered for collection at the roadside together with the fresh morning milk. Since smallholder farms are currently not connected to the power grid, the cooling unit has to operate off-grid (F) or the farm has to be connected to the power grid (G). For off-grid operation, two technological options are available for milk chillers, based on solar power (Foster, 2015) or biogas (van der Velde and Belkhir, 2016). Solar power has the complication that the energy is only available during the daytime, while the energy demand for cooling will occur at night. Therefore, cooling for that option involves ice packs inside an insulated box. The energy produced during the day will be applied to freeze the ice packs, which are subsequently used for cooling the milk at night. For the option based on biogas, the required biogas can be locally produced from, e.g., cow dung and used whenever gas is needed for cooking or cooling.

In the last scenario (G, connexion to the power grid), standard refrigerators can be used instead of off-grid chillers at the farms. This option requires that all farmhouses are connected to the power grid. Currently, the farms are not connected to the power grid, although power lines are available beside the tarred road.



Scenario Evaluation

To evaluate each scenario's effect on milk quality, the cost-effectiveness of practical implementation and the effect on GHG emissions are calculated.

In practise, milk quality is assessed by an alcohol flocculation test, a fast method to determine if acidification of the milk has started. Acidification will occur by the growth of lactic acid bacteria that contaminate the milk during milking. Fresh milk has an initial pH of 6.7, and the alcohol test is positive if the pH is 6.4 or lower and the milk is rejected.

Within the framework of this project, Wageningen UR developed a model that determines the lactic acid growth in milk. The model estimates when the milk will be rejected at the collection point or factory gate as a function of initial contamination and time–temperature history. The scenarios were evaluated with the model, showing the capability of reducing the rejection rate to an acceptable level to create a more efficient milk collection chain.

Improving the milk supply will require investments, labour and the use of utilities, and thus an increase in the raw milk price for the factory, which will have to be compensated by the improved capacity utilisation.

The effect on milk quality, possibilities for increasing the supply and the cost of implementation determine the feasibility of the different scenarios.

Dairy accounts for 6.8% of total FLW worldwide and 10.2% of the associated GHG emissions (Guo et al., 2020). This makes saving in the dairy sector relevant to reducing GHG emissions on a worldwide basis.

However, in Ethiopia, rejected milk is not thrown away but used for the production of fermented local products such as ergo, ayib, butter and whey (Andualem and Geremew, 2014). For this reason, this milk cannot be seen as waste. In Ethiopia, only about 1.6% of milk is wasted, mainly by spillage (Lore et al., 2005). In this light, it is to be expected that the GHG emissions related to collecting milk will increase rather than decrease, although in favour of economic growth and improved product quality.




QUALITY MODEL METHOD AND PARAMETERS


Milk Spoilage Model

The model estimates the pH of milk over time and thus whether it will pass the alcohol test. When the pH is 6.4 or lower, the milk will fail the alcohol test and be rejected. The model describes two processes: the temperature-dependent growth of lactic acid producing bacteria (LAB) and the production of lactic acid.


Growth Model

For a given temperature, the growth rate of lactic acid-producing bacteria is exponential. Only at high concentrations of micro-organisms [expressed in colony forming units per millilitre (CFU/ml)] will the growth rate decrease because of diminishing resources. The change over time in the amount of lactic acid-producing bacteria is given by
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where μT is the specific maximum growth rate (h−1); N is the concentration of LAB (CFU/ml); t is the time (h); and Nmax is the maximum concentration of LAB (CFU/ml). The initial contamination rate is indicated by t = 0, N = N0.

In microbiological inoculation studies, usually, an initial period of no or retarded growth is observed right after inoculation, which is known as the lag phase. This lag phase exists because the micro-organisms are not yet adapted to the matrix and temperature conditions (Dalgaard and Koutsoumanis, 2001). However, in this study, the lag phase was not taken into account since the milk is contaminated directly during milking, as the bacteria are present in the equipment and surroundings and are therefore expected to be adapted to the milk.

To estimate the growth rate at different temperatures, the Ratkowsky equation was used (Ratkowsky et al., 1982):
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which was rewritten as:
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where μ20 is the maximum specific growth rate at 20°C (h−1); T is the temperature (°C); and Tmin is the temperature when the growth rate is mathematically zero (°C). Below Tmin, the equation is not valid.



Acidification Model

We adopted a model that predicts the production of lactic acid depending on the growth and maintenance of the bacteria as developed by Luedeking and Piret (1959):
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where LA is the production of lactic acid (g/ml), mu is the cell weight (g/CFU) and the two acidification parameters are growth-associated production, α (gLA/gbiomass), and non-growth production; β (gLA/gbiomass/h).

The pH depends on the amount of lactic acid and the buffering capacity of the milk, which in turn depends on the protein content. The experimentally fitted relation is

[image: image]

With 0.48 g/L lactic acid produced, the milk reaches a pH of 6.4, which is the threshold value for passing the test for milk quality.



Thermal Model

To calculate the milk temperature, the following heat transfer equation is used:

[image: image]

where k is the effective cooling rate coefficient (h−1); Tmilk is the milk temperature (°C); and Tambient is the temperature of the surrounding environment (°C). We assume that the milk temperature is homogeneous. The cooling rate coefficient k and ambient temperature differ for different stages in the scenarios.



Rejection Rate

The model (f) can calculate for initial LAB contamination and expected milk pH at any time in a given scenario.

[image: image]

Numerically, the inverse model (g) can also be determined, that is, the initial LAB contamination required to reach a certain pH at a given time for a given scenario. For the critical pH of 6.4 at 8:00 (roadside collection) or 10:00 (arrival at factory), we can thus calculate the critical initial LAB contamination in the fresh milk for each scenario.

[image: image]

If the actual N0 of a single batch is higher, then the product will be rejected by the test later on. Since the actual (cumulative) distribution of the initial LAB contamination, CDF(N0), can be derived from Ethiopian studies, we know the quantile corresponding to the critical level, and thus the expected milk rejection rate for a given scenario.

[image: image]
 


Model Parameters
 
Model Bacterial Growth Parameters

Different types of lactic acid bacteria are responsible for the acidification of milk. From samples of ergo, a traditional fermented milk in Ethiopia, more than 100 strains of lactic acid bacteria belonging to the genera Lactococcus, Lactobacillus, Enterococcus, Streptococcus, Leuconostoc, and Pediococcus were isolated (Yoneya et al., 1999; Assefa et al., 2008). Since this traditional natural fermentation is commonly applied at Ethiopian farms, it is assumed that the natural lactic acid-producing contamination flora in the raw milk will be mainly from these species. Since the exact strain of lactic acid bacteria causing acidulation is not known and will differ, the growth model is based on a standard commercial culture of Christian Hansen (Hørsholm, Denmark), Fresco culture DVS 1010, consisting of Lactococcus lactis subsp. lactis, L. lactis subsp. cremoris and Streptococcus thermophilus. With data of Fresco culture DVS 1010 in milk from Acai et al. (2015), the Ratkowsky equation parameters were fitted: Tmin = 1.27°C, μ20 = 0.524 h−1, correlation coefficient 99.6%. It is known that the Ratkowsky growth model is inaccurate at temperatures above 37°C (Matejčeková et al., 2019), but this would not affect the model outcomes, as the temperatures in this study did not exceed this value. The growth rate is also influenced by the pH and, to a lesser extent, the lactic acid concentration (Bouguettoucha et al., 2011), but in the limited simulation range of pH 6.7 to 6.4, acidification only results in a 10% enhancement of the growth rate (Venkatesh et al., 1993; Fu and Mathews, 1999), which effect can be ignored for model simplicity.



Acidification Parameters

Luedeking and Piret (1959) determined the parameters α and β for the production of lactic acid by Lactobacillus delbrueckii through optical density (OD) measurements. For the model, the values from Luedeking were recalculated to g biomass: α = 4.44 g lactic acid/g biomass production and β = 1.11 g lactic acid/g biomass/h, with a conversion factor of 1 OD = 450.106 CFU/ml and cell weight of 1.1 × 10−9 mg/CFU (Passos et al., 1994).

The relation between lactic acid concentration and corresponding pH was determined through a titration curve of two milk samples, commercial whole milk with 3% fat and semi-skimmed milk with 1.5% fat, with a 45% lactic acid solution at ambient temperature. There was no difference between whole and semi-skimmed milk. In the pH range between 5.3 and 6.7, a second-order polynomial equation was fitted with a 99.9% correlation coefficient.



Distribution of Initial Contamination

The distribution of initial contamination levels of LAB in fresh milk is known from the study of Tegegne and Tesfaye (2017) conducted in the Gondar region of Ethiopia. Tegegne reported the total aerobic mesophilic bacteria (AMB) levels of the milk directly after milking. The LAB distribution was not reported, but can be derived under the assumption of a fixed LAB:AMB ratio, which was found to be 31% on average in Ethiopian milk by Yilma and Faye (2006) and Ashenafi (1996).

The cumulative LAB distribution based on the data of Tegegne is shown in Figure 3. It allows estimation of the rejection rate (percentage) for scenarios via the corresponding initial LAB quality threshold. Figure 3 also shows contamination data from on-farm cooling tanks (2–4°C) in Basse-Normandie, France (Mallet et al., 2012). This shows the latent improvement potential compared with standard European hygiene.


[image: Figure 3]
FIGURE 3. Estimation of contamination of LAB (log CFU/mL) in raw milk from total bacterial count collected directly from teat and milking buckets in and around Gondar, Ethiopia (Tegegne and Tesfaye, 2017), compared with data from on-farm cooling tanks (2–4°C) in Basse-Normandie, France (Mallet et al., 2012).




Effective Thermal Parameters

The practical circumstances of the milk collection chain in the different scenarios are listed in Table 1. The collection chain is described in five stages: storage on the farm, transport to the collection point, storage at the collection point, transport to the factory, and finally arrival at the factory. Between stages, the ambient temperature varies, while during each stage the ambient temperature is assumed constant.


Table 1. Parameters used for scenarios.

[image: Table 1]

The effective cooling rate coefficient for calculating the milk temperature at different stages for a 5-L metal jar is 0.6 h−1 (van der Velde and Belkhir, 2016) and for a 1,000-L chilling centre is 1.0 h−1 (Moffat et al., 2016). To determine the plastic jar cooling rate coefficient, a container was filled with 35°C water (mimicking the milk temperature directly after milking), closed and placed in a large room at 20°C (which provides a good indication for the ambient storage conditions). The average cooling rate coefficient of three repetitions, calculated by measuring the temperature in the container and the environment overnight, was 0.23 h−1. Using this cooling rate and the difference between the ratio of surface area to volume, the effective cooling rate coefficient for the plastic 20-L milk can was estimated at 0.1 h−1.



Validation Cheque of Model Parameters

We assessed the validity of the model of lactic acid production and corresponding pH through the data of Østlie et al. (2003) for the linear reduction over time between pH 6.7 and 5.5. For all three types of bacteria analysed by Ostlie, the simulation results, with α = 4.4 g lactic acid/g biomass production and β = 1.11 g lactic acid/g biomass/h as suggested by Luedeking, gave good pH estimation in time. With the initial contamination between log 7.7 and 8.3 CFU/ml, the estimated time to reach pH 5.5 by the model varied by no more than 0.2 h from the Ostlie's data.

Ashenafi (1996) measured the decrease in pH of Ethiopian milk at different temperatures with an initial contamination of log 5.2 CFU/ml. From these measurements, the time to reach pH 6.4 was estimated through linear regression. The effect of temperature as measured by Ashenafi was smaller than what was calculated in the model. At 20°C, the model predicts a slightly longer time for pH to reach 6.4 (11.4 h, compared with 9.9 h), whereas at higher temperatures, this time is estimated to be shorter than measured (at 37°C, the model calculated 3.2 vs. 4.8 h measured). It therefore seems that the growth rates of actual LAB present in the Ethiopian milk are less dependent on the temperature than the rates derived from the commercial culture of Christian Hansen. This means that above 25°C, in practise, a longer time is available before the test for milk quality fails than our model actually predicts.





COLLECTION COST METHOD AND PARAMETERS


Geographic Situation Analysis

To estimate the costs for the different scenarios in the collection area of the Zagol milk factory, about 20% of the current morning milk collecting area was analysed. Figure 4 shows the current supply area of the smallholder farms, study area and location of the factory with the chilling centre is constructed. The maximum walking distance to the road in the study area is 6.4 km; by the tarred road, the distance between the chilling centre and the factory is 13.9 km and from the factory to Derba is 27.7 km.


[image: Figure 4]
FIGURE 4. Situation of supply area of Zagol milk factory (location 9°15′19.66″N, 38°45′45.75″O). Red: study area, 34 km2; green: total supply area, 165 km2; blue: tarred road; yellow: main walking tracks to tarred road.




Collection Routes, Number of Rounds, and Required Number of Scooters

In scenarios D and E, the evening milk is collected directly from the farmers between 18:00 and 21:00 using scooters. In the selected area, collection rounds were laid out to cover the whole area. Contrary to the layout of the power grid, the collection round follows current larger paths visible on satellite images. Only paths that are likely to be accessible by a scooter with 100 L of milk were selected, i.e., steep slopes were avoided. The route of the scooter can be round-trip or one-way.

For every round, the total driving distance and number of courtyards along the route are determined. From these rounds, an average round-trip distance with an average number of households is determined to calculate the total driving distance and number of collectors needed to meet the pre-set collection goal. The available time for collection is set at 3 h, which is the current time between milking and road collection or factory arrival.

There are some uncertainties in the parameters in this scenario for calculating the number of scooters needed to collect the required milk. First, it is not known how many farmers on the route will be willing to sell their evening milk. Furthermore, the time needed to collect milk at the farm and the speed at which a scooter can drive on the single tracks are uncertain. We assume that the maximum carrying capacity of a scooter is 100 L.

To deal with these uncertainties, optimistic and conservative (max, min) estimations are made to calculate the required number of scooters (Table 2). For the optimistic estimation, the collection round is a one-way route, so the scooter has the same outward and return route to the farmers. At a one-way route, it is assumed that the scooter starts at the end of the route, ensuring a minimal amount of driving for each collection round. After 100 L has been collected, the scooter has to return to the chilling centre and can start collecting again at a point closer to the road. For a circular route, the collection starts on the tarred road and follows the shortest route to the tarred road when 100 L are collected. In the next trip, collection will start at the last visited farm until the whole round is completed. A one-way route has a little advantage in total kilometres compared with a circular route when the number of farmers per km is the same. Probably more important is that in the collection strategy of the one-way route, the collector drives half the distance with an empty scooter, which will increase the average driving speed.


Table 2. Estimated starting points for scooter collection and derived numbers for number of collectors (scooters) and total driving distance in cooling centre scenario for collection of 1,000 L of evening milk.

[image: Table 2]

Figure 5 shows the path of round 1, where a scooter is used to collect the evening milk and bring it to the chilling centre. In total, three rounds in the study area were defined with an average distance of 16.6 km.


[image: Figure 5]
FIGURE 5. Satellite image of one round of three possible milk collection rounds in study area to determine driving distance. Selected route goes over single and double tracks. Rivers and steep slopes are avoided.


From the distance of the three rounds and the optimistic and conservative estimations from Table 2, the total driving distance and time to collect 1,000 L of evening milk per day are calculated (Table 5).



Utility Cost Parameters

The additional costs per collected litre of milk are calculated for the different scenarios with the prices for hardware, utilities and labour from Table 3. Although the cooling centre works on electricity, a diesel generator is also included in the investment to secure cooling capacity during power failures. To calculate energy costs, however, only the energy from electricity is taken into account.


Table 3. Cost of hardware, utilities, labour, and GHG emissions for economic and environmental analyses.

[image: Table 3]

A scooter for the collection of evening milk can drive 30 km on 1 L of gasoline. Home refrigerators, in the power grid extension situation, are expected to run the whole day with an average power consumption of 30 W. For off-grid chillers, the price of the 40-L solar power chiller is taken (Foster et al., 2017). The investment for the power grid extension that would be necessary when using on-farm refrigerators is not taken into account. It is assumed that a grid extension will benefit all (economic) activities and the electricity costs will cover the required investment in the grid extension. Maintenance and financing are not taken into account and depreciation time is 10 years.



Greenhouse Gas Emissions Calculation

To calculate the GHG emissions in the different scenarios, only the emissions associated with milk collection are taken into account, and not the production of hardware. The light truck that is currently used to pick up milk from the road site drives to Derba and back (55.4 km). To pick up the milk from the chilling centre, the truck has to drive 27.8 km. It is assumed that the light truck uses 0.14 L/km (Sivak and Schoettle, 2017). Depending on the scenario, this is used for transporting either 1,000 or 2,000 L of milk.

To calculate the total GHG emissions related to the milk, besides the emissions of the truck, the use of other utilities is taken into account from the cost price estimation and the CO2-eq values in Table 3.

For the off-grid cooling scenario, only the use of solar power is considered.




RESULTS


Effects of Different Chilling Scenarios on Factory Rejection Rates

The scenarios were simulated with the parameters given in Table 1. Figure 6A shows the estimated temperature profile, LAB contamination and pH in the current situation for morning milk (scenario A1), assuming an initial LAB count of log 4 CFU/ml. The morning milk that arrives at the factory at 10:00, i.e., 4 h after milking, will not show any pH reduction. Figure 6B shows the quality development for the evening milk with the same starting contamination (scenario A2). A reduction in pH starts to be noticeable when the contamination is just below log 7. From that point, enough biomass has been developed to produce a significant amount of lactic acid. For the evening milk, this point is at around midnight (0 h) and the quality threshold of pH 6.4 is reached around 4:00 in the morning. Figure 6C shows the development of evening milk that was chilled in a refrigerator at the farm (scenario G2). The chilling of evening milk clearly delays growth, and the next morning the milk is still of sufficient quality.


[image: Figure 6]
FIGURE 6. Examples of simulation results of LAB levels (log CFU/mL) and pH, and time to reach pH 6.4 (red cross) of raw milk assuming initial LAB contamination of log 4 CFU/mL. Time zero is midnight, time −6 is 18:00 the previous day, and time 6 is 6:00 in the morning. (A) Scenario A1, morning milk. Time to reach pH 6.4 > 24 h, contamination at factory gate 5.9 log CFU/mL. (B) Scenario A2, evening milk. Time to reach pH 6.4 takes 3.8 h, contamination at factory gate 8.7 log CFU/mL. (C) Scenario G2, refrigerator cooling at farm. Time to reach pH 6.4 > 12 h, contamination at factory gate 6.1 log CFU/mL.


With the actual distribution of the initial contamination levels from Figure 3, the expected rejection rates can be calculated at the collection point and when transferred to the factory. The results for the scenarios are presented in Table 4.


Table 4. Estimation of milk samples that do not pass alcohol test at collection from farmer and arrival at factory gate in the morning for different scenarios, with initial LAB concentrations estimated from field data from Tegegne.

[image: Table 4]

Scenario A: Current situation, only morning delivery. According to the model, it is expected that all morning milk (A1) will be accepted at the collection point and only a very small amount (1%) at the factory gate. As expected in the current uncooled situation (A2), the morning collection of fresh evening milk is not feasible. Nearly all of it (88%) will already be rejected at the road collection point.

Scenario B: Morning delivery to chilling centre near the road. The evening milk (B2) is already spoiled before it reaches the chilling centre, so this is no use. The quality of morning milk (B1) will be improved, thus the rejection at the factory will be reduced 0% and the delivery time becomes less critical.

Scenario C: Extra evening delivery to chilling centre. The evening milk quality will be excellent, but a large drawback is that farmers need to supply milk twice per day.

Scenario D: Evening collection with scooters to cooling centre. This avoids the need for farmers to travel to the chilling centre with the evening milk at night. While all the milk can pass an alcohol test in the evening, 2 to 10% of batches will be rejected at the factory, depending on whether we use the optimistic or conservative parameters.

Scenario E: Evening collection with scooters to factory. In this case, a chilling centre by the road is not required, but the extra uncooled travel time to the factory will result in somewhat higher rejection rates of 5–13%.

Scenario F: Off-grid coolers at the farm. Quality wise, cooling the milk at the farm is preferred, since the evening milk will be sufficiently fast cooled before any spoilage can occur during the night, and will sustain transport to the factory with 0% projected rejection. The cooling rate for this scenario is taken from Sim Gas, producer of milk chillers. The company reported a cooling rate coefficient of 0.6 h−1 in its gas-powered chillers, which use a metal jar in combination with close wall-to-wall contact.

Scenario G: Refrigerator at the farm. A standard refrigerator connected to the power grid is, quality wise, a less-efficient solution. The cooling rate in a refrigerator with milk stored in plastic jars is much lower compared with the Sim Gas off-grid chiller. It results in a 7 and 11% rejection rate at the road site and the factory, respectively. In this way, it is comparable with scenario E with evening scooter collection.



Collection Costs in the Different Scenarios

The total investment for collecting 1,000 L evening milk per day in the scenarios is given in Table 5. The investment for scooters is based on the estimated number of scooters. The investment for the power grid extension that would be necessary by using on-farm refrigerators is not taken into account. The investment for scenario D is split between the morning and evening milk, with the chilling centre allocated half for the evening and half for the morning milk.


Table 5. Required investment for collection of 1,000 L evening milk per day and average selling amount of 9 L per farmer in different scenarios.

[image: Table 5]

In Table 6, the fixed costs (with a depreciation of 10 years), variable and total collection costs are given for the scenarios. For these calculations, the rejection of milk is not taken into account, although this will have financial consequences for either the farmer or the milk factory, depending on the chosen scenario.


Table 6. Additional depreciation, variable and average cost per litre for collection of 1,000 L evening milk per day and average selling amount of 9 L per farm for different scenarios.

[image: Table 6]

Scenario B, which seems the most economical way to increase the milk supply by an extra US$0.50/L milk, will not be feasible in that respect, as an estimated 90% of the offered evening milk will be rejected.

In scenarios B1, C1, C2, and D1, the chilling centre for milk delivered by farmers costs US$0.90/L. This is about 2% of the US$0.50/L market price. This conforms with the 1% increase in price for raw milk in peri-rural areas found by Vernooij et al. (2010), where only the variable costs were included, which in our estimate is half the total cost including depreciation. For the morning milk, these costs are relatively high since only a limited benefit for the milk quality is expected. For the evening milk (scenario C2), such added costs are comparatively low, under the condition that farmers are able and willing to bring the evening milk directly after milking to the cooling centre.

In scenarios D2 and E2, collecting the milk with a scooter costs US$1.6–3.0/L. This is about 4%−6% of the market price but may be necessary to reach the goal of an additional 1,000 L/day.

The depreciation costs for the off-grid chiller in scenario F add up to US$5.6/L. This is due to the daily milk production of 9 L per farmer and the capacity of the evaluated chiller of 40 L/day. For the biogas off-grid chiller, no investment data were available due to the bankruptcy of the producing company (Faillissementsdossier.nl, 2018). However, it is not likely that the collection costs with this chiller would be lower compared with the solar-powered chiller.

The ordinary grid refrigerator in scenario G2 is obviously much cheaper. If the electricity grid were extended from the road to these remote farms in the future (vide infra), then the evening milk could be sold with a very low additional costs of US$0.70/L, of which 25% covers electricity costs.



GHG Emissions in the Scenarios

Except for solar power-driven cooling on the farm, all scenarios have higher GHG emissions than the current situation (Table 7). The scenarios for the evening milk in the current situation (A) and with the chilling centre with one delivery (B) are not taken into account. Due to the high rejection rate of more than 90%, these scenarios are not feasible. The GHG emissions for the other milk collection scenarios account for 0.2–2.2% of the GHG emissions of primary production and therefore have little impact.


Table 7. GHG emissions for collection of milk per litre in different scenarios.
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When the rejected milk would be considered waste and in the scenarios where farmers bring the milk to the chilling centre (B and C), the total GHG emissions would be lower, as in the current situation.




DISCUSSION

This analysis shows that most scenarios are either quality wise or economically unfeasible in their original stated form. While doing the analysis, the limitation became apparent and other practical, technological, or economical options emerged. We will discuss them here, starting with the sensitivity of the rejection rate to scenario variability.


Variability of Rejection Rate and Technical Options

The calculated 0% rejection rate for the morning milk in scenario A1 is plausible. The rejection rates at road collection points were not recorded, but during our observation of milk collection only one sample of offered milk was rejected, representing <0.5% of the total milk collected.

At the factory gate, only milk offered by independent milk collectors was tested, and 10% of this milk was rejected, which is higher than the 1% calculated by the model in scenario A1. It is not likely that the growth rate is underestimated, since the model formulation and chosen parameters result in a slight overestimation at higher temperatures, as discussed in Section 2. As the exact time of arrival at the milk factory is not recorded for these supplies, later arrival times can explain this difference. When a delivery time of 12:00 instead 10:00 is taken, the model predicts 11% rejection. This shows that the rejection rate is very sensitive to delays in delivery time when the milk collection system operates at ambient temperature.

The high rejection rate of evening milk cannot be solved by improving the milking hygiene alone. Hypothetically, even with significantly lower initial contamination by LAB from Normandie, 85% of the evening milk will still be rejected at the factory gate if no cooling is applied.

In scenario B, with only morning delivery to the road, the chilling centre near the road has no positive effect on the availability of evening milk for the factory. An optimal passive cooling strategy without active chillers for bringing the evening milk to ambient night temperature (10°C) with, e.g., a four times higher heat transfer rate for the milking jars, could help to reduce the rejection rate of evening milk at 10:00 to 44%. This is a large improvement, but still not enough to be practically feasible.

In the scenarios where the evening milk is collected by scooters, then, as shown, whether an acceptable rejection rate at the factory gate can be achieved depends on the logistic parameters. One obvious technical way to shorten the travel time of warm milk is simply to have more scooters and not fill them to their maximum capacity.

For on-farm cooling in a standard refrigerator with plastic jars, the rejection rate is also a problem. The convective cooling in the refrigerator and the low heat transfer rate of plastic increase the cooling time of the milk. Changing to metal jars would increase the cooling rate and reduce the rejection rates to acceptable levels for this scenario.



Collection Costs and Financial Risks

The different scenarios not only affect the total collection cost per litre of milk but also involve other aspects that need to be considered during implementation: who needs to invest, whether the cost can be allocated to the additional collected milk, who assumes the financial risk of milk rejection and the effect of smaller collection volumes.

For all scenarios, depreciation is responsible for the majority of the cost. This will, in general, hold back the implementation of any scenario. This will especially apply to the on-farm cooling scenarios, as it is not likely that a farmer could afford to pay for such equipment by himself. One option might be pre-financing of the chiller by the milk factory, to be paid back with milk deliveries. In this respect, a chilling centre has advantages, as the required investments can be directly allocated to milk collection irrespective of whether the centre is owned by the milk factory or by a cooperative. Different purchase prices can be offered for the evening milk, as this milk is collected separately. When farmers bring the evening milk together with the morning milk, in the on-farm chilling scenario there cannot be a price deviation between the two. The farmers therefore have to give up their margin on the evening milk, whereas in the chilling centre scenario the additional cost can be directly paid by the factory.

The investment for an off-grid on-farm milk chiller would be very high to make this scenario feasible, even if it is pre-financed by the milk factory. As the used capacity of the off-grid chiller is <25% of its maximum capacity, the depreciation cost is much higher than it would be if it were calculated by full capacity. If a smallholder farm teamed up with neighbours to also cool their evening milk, acting as a mini-chilling centre, the collection cost drops to an acceptable level of US$1.3/L.

To calculate the collection cost, an average of 9 L of milk per delivery was used, from the study of Vernooij et al. (2010). Although this number came from a cooling centre very close to the study area, this number seems quite high. During the observation of the roadside milk collection, more than once, only one 1-L bottle of milk was offered. If the actual delivery quantities are indeed substantially lower than assumed in the scenario evaluation, then the collection costs in all scenarios will be much higher, except for the cooling centre. With a reduced average delivery of 2 L per farm, the collection cost for the chilling centre combined with scooter collection will be 2.3 times higher, and for off-grid on-farm cooling even 4.5 times higher.

So the use of a chilling centre is less dependent on the delivery size per farmer, but it is very sensitive to the total collection volume. An evaluation of the operation of milk collection centres in Rwanda showed that a lack of total volume is one of the major reasons for closing a chilling centre (Ministry of Agriculture and Animal Resources, 2013). This is notably a risk for scenario C, in which the evening milk is brought by farmers directly to the chilling centre, and it is doubtful whether the required volume could be reached. The study mentioned above (Vernooij et al., 2010) showed that 25% of the milk delivered to chilling centres in peri-rural areas came from evening milk. In those cases, most farms were relatively close the road, between 5 and 30 min walking distance. However, for the region considered in this study, the walking distance is on average significantly longer (up to 1 h). According to the local cooperative, farmers are hesitated to take the extra trip to a cooling centre in the dark. It is a risky and time-consuming investment. So, although scenario C scores well with respect to rejection rates and calculated collection costs, it falls short, as the projected extra volume might not be achieved given the longer distances.

Scooter collection would bring the required extra volume of 1,000 L/day, making a chilling centre feasible. However, the whole chilling centre is no longer needed in scenario E, in which the milk is collected by scooters and taken directly to the factory. Without the cost of a chilling centre, the collection cost is only US$0.2–0.4/L lower, with a notable 40 to 61% reduction in capital costs. This makes this scenario attractive and scalable, due to the associated low financial risk when it is steadily implemented.

In scenario G2, where a grid extension is assumed, the collection costs are the lowest of all scenarios. The decision to use a grid extension, however, cannot be made by the milk factory; for that, it must rely on government priorities and costs. As for the Ethiopian government, one of the goals is to provide power connexion for every household in sub-rural areas (Commission, 2020), which still could be a possible scenario, but not for the short term.




CONCLUSIONS

The developed model is shown to be a good tool to predict the rejection rates of raw milk, even with the simplifications employed. This is illustrated by evaluating different scenarios and comparing with the data and practical experience. The model shows that the rejection rate for milk collected in Ethiopia is largely dependent on the time between milking and cooling. Only improving farm hygiene will not reduce the rejection rate of evening milk to acceptable levels. The analysis of the scenarios shows that cooling is essential for preventing rejection of collected evening milk in the area of the Zagol milk factory, although in most scenarios, it will increase GHG emissions. For the morning milk, cooling is currently less beneficial, but only when the time between collection and arrival at the factory is limited.

Including both quality and economics, the best scenario can be expected with a cooling centre where farmers offer their milk twice a day. The additional collection cost for milk will be just below US$0.01/L above the current morning milk, and this depends on the amount of milk the farmers are offering. However, as it is expected that farmers will not be willing to deliver the evening milk to the chilling centre themselves at night, an additional collecting system is probably needed to increase the milk supply. This would result in higher costs and a risk of rejection at the factory gate. Furthermore, when a collection system can be set up, a chilling centre has reduced added value. Therefore, with a collection system at farms for the evening milk, the milk can be better brought directly to the factory. The rejection rates in that case are significant. However, they can be reduced by limiting the collection time. Another benefit for this scenario is that it can be introduced on a small scale with limited financial risk.

In addition, the off-grid chiller scenario, where the rejection rate is reduced to zero, can be started as a small project with limited risk. Compared with a farm collection system, the collection cost for this scenario is much higher. However, this scenario is the only one where a reduction of GHG emissions is expected.

If a grid extension was established, the cost for on-farm cooling would be much lower, compared with the solar-power-driven cooler. The drawback is that proper training would be necessary to get sufficiently high cooling rates for the evening milk, in order to prevent rejection at the collection point in the morning.

The applied combination of a simple model, economic analysis and the effect on GHG emissions gives valuable information on the effectiveness and limitations of different cooling scenarios for the milk factory. This can help to successfully apply a scenario to increase the milk supply.
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Collection parameters Optimistic ~ Conservative

Amount of milk to collect 1,000 Uday

Amount of evening milk each o Utarm

farmer can sel

Fraction of farmers on route 20% 10%

willng to sell

Number of rounds required 2 4

Collection time at farm 3 5 mn

Average scooter speed on single 20 10 kmh

track

Average scooter speed on tarred 30 kmvh

road

Max ltres mik per scooter 100 Lmik

Derived key numbers

Number of farmers needed 11 Farmers

Farmers seling in a round 87 44 Famers
selling/
round

Number of full scooter loads per 52 26 Loads/ound

round

Km drive to fill scooter 16 63 kil

Kim drive per round 52 37 kmvround

Total km to drive 104 149 Kkmvday

Total driving time 6 19 hday

Total time collecting milk 6 9 hiday

Number of scooters needed 5 12

With optimistic (maximal) and conservative (minimal) values for number of selling farmers,
collection time at farm, and driving speed.

“Average of milk deliveries to chiling centre in peri-rural area of Ethiopia (Vernooj et al.
2010).
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