
 

 

 

 

 

 

 

 

Impact of New Electric Cooking Appliances on the Power Network, Off-

Grid Microgrids and Interconnected SHSs Networks 

 

 

 

 

 

 

 

3rd September 2020 

Work has been conducted in support of the Modern Energy Cooking 

Services (MECS) Programme 

Authors: Bartosz Soltowski, Prof. Stuart Galloway, Dr. Scott Strachan 

This material has been funded by UKAid from the UK government; however, the views expressed do not
necessarily reflect the UK government’s official policies.

gyjlc2
New Stamp2



2 
 



3 
 

Report Summary 

Over three billion people around the world rely on biomass as a primary source for cooking. This has a 
massive impact on the health of those exposed to toxic fumes produced by burning biomass resulting 
in over four million premature deaths annually. Traditional forms of cooking are primarily prevalent 
across developing countries in Sub-Saharan Africa and East Asia where together with high population 
growth stimulating biomass consumption as a primary cooking fuel, and significant deforestation 
issues have been arising in the past years. To address these challenges new alternative cooking 
methodologies are required to be introduced. One potential solution would be to make use of electricity 
as a source for cooking.  

The studies presented in this report identify the main technical challenges that exist for solar home 
systems (SHS), microgrids and low voltage (LV) distribution networks in developing countries in 
accommodating electric cooking as a form of clean cooking. The technical analysis was primarily 
supported by models developed in OpenDSS and Matlab Simulink to present performance of each of 
the network topologies after introduction of electric cooking load. The analysis is supported by a deep 
discussion considering other identified aspects (non-technical) which need to be considered while 
adopting electric cooking appliances within each of the systems analysed. This research was conducted 
as a part of the MECS (Modern Energy Cooking Solution) consortium. 

The main findings are  

• LV networks present the highest capability to support electric cooking load out of all three 
systems analysed. The difficulties are associated with the cooking routines coinciding with non-
cooking peak power consumption when networks have the highest difficulties to meet existing 
demand 

• Identifying feasibility studies of electric cooking on grid-scale should include analysis of future 
power systems expansion since eCook devices might become one of the dominant electrical 
appliances  driving future electric demand growth. Rapid deployment of eCook devices without 
sufficient power system upgrades may cause reduction in overall reliability of power supply.  

• Off-grid solar microgrids are primarily designed to provide basic access to electricity (Tier 1 or 
2 according to ESMAP [1]). Scaling-up to satisfy electric cooking demand is possible but 
requires high capital costs. At this moment (under current costs of PV modules and batteries) 
adoption of electric cooking is not considered as an opportunity by most solar microgrids 
providers interviewed. 

• Evidence suggest that within various hydro-based microgrids systems adoption of electric 
cooking devices has been successful, primarily due to significantly higher power generation 
capabilities for such systems (in oppose to solar microgrids). 

• Electric cooking load using off-the shelf devices is too high to be accommodated by 
economically viable stand-alone SHSs or by a network of interconnected SHS systems forming 
a microgrid. 

• To adapt eCook systems supported by SHS, significant up-scaling in size of PV array and energy 
storage is required which might drive costs of the infrastructure beyond financial capabilities 
of existing SHSs users.  
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1. Introduction 
 

The key objective of this MECS Network Modelling report is to present the studies carried out by 
the University of Strathclyde relating to the adoption of clean electric cooking devices, with reference 
to three types of electrical system infrastructures across the Global South. These are summarised as:  

 

1. Low voltage (LV) distribution networks (downstream of secondary substations): The LV 
network models generated to conduct the necessary eCook penetration studies for this report 
were primarily based on literature outlining design guidance, standards and practices, as well 
as informal guidance provided by a Power System Planning Engineer from the Electricity 
Supply Corporation of Malawi (ESCOM), currently undertaking a PhD within the University of 
Strathclyde. Feasibility for adoption of eCook system on LV distribution networks is explained 
under Section 2 of the report.  
 
 

2. Rural off-grid microgrids with centralised generation and storage: The microgrid network 
was designed using data available from Powergen microgrids in Kenya and Tanzania. The 
parameters selected for the microgrid were based on publications provided by Powergen, the 
incumbent utility grid operator. Analysis of eCook impact on the rural off-grid microgrids is 
presented under section 3 of the report.  

  

3. Rural off-grid microgrids consisting of interconnected SHS system (i.e distributed generation 
and storage): eCook penetration studies for an interconnected SHS microgrid were based on 
data gathered by researchers at the University of Strathclyde who had introduced an 
interconnected SHS microgrid in Rwanda. Analysis presenting feasibility of deploying electric 
cooking appliances within a network of interconnected SHSs in SSA is presented under Section 
4 of the report.  
 

Power systems models have been developed using OpenDSS and Matlab Simulink for the three 
different grid types. Based on observations made from study outputs the main technical challenges 
associated with eCook deployment in these contexts are identified. The report also considers potential 
implementation strategies and interventions which may be required to accommodate ‘significant’ 
levels of eCook deployments on such networks. Discussion sections are introduced under each 
network topology, describing potential difficulties with each of the system topologies which could 
arise while deploying electric cooking devices.  

 

1.1. Methodology Applied to Perform Technical Network Studies 
Tools to support network studies presented in this report were developed to give 

understanding of the principal technical challenges associated with adoption of electric cooking on 

existing networks in the Developing World. The outcomes illustrate load flows across investigated 

networks before and after adoption of eCook devices, voltage profiles distribution within each system 

as well as requirements on the transformer/power inverter/SHS element. The models can be 

readjusted according to users’ requirements and can be used for further analysis in the future.  
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To perform network analysis, set of input data is required to be specified. It is therefore 

compiled by the OpenDSS1 Engine to produce set of output data, as specified according to Figure 0-1 

below.  The diagram presented is valid for LV network model as well as for the microgrid system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• Power Flows 

 

 

Figure 0-1. Network Modelling Data Flow 

A brief description of each of the input data groups used to generate network analysis is 

presented below: 

1. Line Codes – file storing parameters of the cables used in the network model.  

2. Main Lines Connections – file illustrating connection between busbars in the network.  

3. Transformer – file storing the main parameters of a power transformer supplying LV 

network. 

4. Household Connections – files including information on household connections and phases. 

5. Load Profiles – excel file presenting 24-hour household load profiles with 1-minute 

resolution. It gives understanding on daily system dynamics. 

6. Load Allocations – file allocating Excel load profile to households represented in the network 

model. 

7. Distributed Generation – file allowing introduction of distributed generation at any location 

of the network. It also gives capability to define generation profiles to simulate impact on 

the network. 

 
1 https://sourceforge.net/p/electricdss/wiki/Home/ 
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8. Modes of Simulation – defines time resolution to run the simulation. 

More information about OpenDSS network models are specified in the User Guide which gives 

understanding on how to network could be readjusted to perform studies for different topologies. 

Due to OpenDSS technical limitations, in order to present load flows after adoption of electric 

cooking appliances within low voltage DC interconnected SHSs minigrid, separate Matlab Simulink 

model was created. It gives fundamental understanding of a minimum power requirements for SHSs 

and distribution networks to provide sufficient capacity for the smallest off-the-shelf Electric 

Pressure Cooker (EPC). More details about DC interconnected SHSs minigrid under Section 4 of the 

report. 

 

2. LV Network Studies 
The first section of this research presents the impact of clean electric cooking solutions on available 

LV network infrastructure as well as its potential implications on the power system that may arise.  A 
diagram presenting example of a LV network is presented in the Figure 0-1.  

 

Figure 0-1. Example of a LV Distribution Network Arrangement 

LV network used for analysis is energised through a substation which steps down the voltage to 
220V (single-phase) and 380V (three-phase) at 50 Hz which is in the most common LV system 
configuration across the Global South. The size of a transformer is selected based on estimated power 
consumption within houses connected to the same substation. The transformer capacity depends on 
the total After Diversity Maximum Demand (ADMD) parameter (forecasting 15-20 year demand 
growth)  which can vary depending on different types of customers consuming electricity, connected 
downstream from the substation [2]. Through the analysis of various LV networks in developing 
countries, the number of customers and the size of transformers were used to estimate “typical” 
ADMD parameter for further LV network modelling work presented in this report. Specifically, based 
on several LV network analysis of networks in India, the ADMD for MECS network representation was 
set at 500W per household [3].  

Sizing the distribution network is another aspect considered in the research. This will have a 
crucial impact on analysing the voltage profiles at different stages of the system, especially after the 
connection of cooking appliances which may require high power to be delivered. As a result, the 
maximum voltage drop allowed by the network providers could be exceeded, meaning that the overall 
power distribution efficiency can be low. To represent a generic model of the LV distribution system, 
Aerial-Bundle Cable (ABC) of a cross-section area of 50mm2 was selected as this is typically used for 
LV network design in various countries across the Global South [4], [5]. Occasionally, within low and 
very low consumption areas and relatively short distances from the substation, 35mm2 ABC cable can 
be used to reduce system expenditure costs.  
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To estimate number of households connected downstream from the secondary transformer, five 
different villages in India were analysed with respect to their population as well as number of 
transformers installed [3]. It was found out that a single substation provides electricity to a minimum 
of 21 and maximum of 111 households.  The recommended distance from the substation should be 
lower than 500 metres [6].  

 

2.1. Demand Specification 
Having basic specification for the network models, it is important to introduce electric demand for 

each household connected since it will have a direct impact on the performance of the system. To do 
so, five different household categories of users were selected, according to Mandelli [7]. These 
represent different categories depending on types of appliances, their power ratings, quantities, etc. 
The variations between demand typically depends on the family status and is often correlated with 
the capabilities to afford electrical appliances. The full list of users’ demand profiles is presented in 
the tables 1-5.  

Once demand was specified, load profiles were generated using LoadProGen2 (a tool building up 
realistic estimation of the electric load profile) with the default settings according to [6]. 

 

Table 1. Appliances within Category 1 Household. 

Appliances Power Consumption Quantity 

Lights 3 4 

Phone Charger 5 2 

Security Lights 5 1 

 

Table 2. Appliances within Category 2 Household 

Appliances Power Consumption Quantity 

Lights 3 4 

Phone Charger 5 2 

Security Lights 5 1 

Radio 5 1 

AC TV 100 1 

 

 

 

 

 

 
2 https://daneshyari.com/en/article/1046813 

https://daneshyari.com/en/article/1046813
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Table 3. Appliances within Category 3 Household. 

Appliances Power Consumption Quantity 

Lights 3 8 

Phone Charger 5 2 

Security Lights 5 2 

Radio 5 1 

AC TV 100 1 

Fridge (small) 250 1 

 

Table 4. Appliances within Category 4 Household. 

Appliances Power Consumption Quantity 

Lights 3 12 

Phone Charger 5 4 

Security Lights 5 4 

Radio 5 1 

AC TV (small) 100 1 

Fridge (small) 250 1 

Internet Router 20 1 

Laptop 55 1 

Standing Fan 55 1 

Decoder 15 1 
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Table 5. Appliances within Category 5 Household. 

Appliances Power Consumption Quantity 

Lights 3 16 

Phone Charger 5 4 

Security Lights 5 6 

Radio 5 2 

AC TV (big) 200 1 

Fridge (big) 400 1 

Internet Router 20 1 

Laptop (big) 80 2 

Decoder 15 1 

Standing Fan 55 2 

 

The average daily power consumption of each user category is presented in  Figure 0-2. 

 

Figure 0-2. Average Demand for Households in the Network. 

It is clear from the Figure 0-2 that the load profiles generated proved demand diversification 
between different types of users. It is apparent that peak power consumption for Category 5 
households is approximately 20 times higher than that for Category 1 households. The variations 
might depend on the overall ability to pay for electrical appliances presented to end customers, types 
of businesses operating, number of consumers per household and more.  
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Network studies considered in this report represent a mix of users from each of Categories 1 to 5 
which implies that the system represents a semi-urban or urban system where customers can reach 
high energy tiers. Rural on-grid energy access end customers would normally make use of lighting 
system, phone charging and sometimes TV. Occasionally, some people would make use of a 
refrigeration system primarily to run local businesses.  

 

2.2 LV Network Topology 
Based on LV network parameters specified in this report, appropriate topology has been developed 

to present performance of a “typical” LV network deployed in SSA before and after installation of 
electric cooking appliances.  The topography was developed with a support from ESKOM power 
engineer currently enrolled in research at the University of Strathclyde as well as literature review 
giving basic understanding on LV network characteristics in SSA [8].  

 The secondary transformer of the network supplies four feeders with 17 to 22 households 
connected to each. The service lines between busbars and households were modelled to be 20 metres 
long (according to the network design files listed in the previous sections). Each of the households was 
energised based on a single-phase connection from one of the three-phase circuits (red, blue and 
yellow).  

The topography of the LV network analysed is presented in the Figure 0-43.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 0-3. LV Network Topography. 
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The colours of the icons represent the category of the user; white rooftop- category 1, green – 
category 2, brown – category 3, blue – category 4 and red – category 5. Additionally, yellow house 
blocks represent mobile money services. The other icons connected to busbars E, F and M represent 
a school, an enterprise, and a pharmacy respectively. The positions of the households were allocated 
randomly. Allocating households with higher demand closer to the transformer circuit will provide a 
better performance of the system due to shorter distance require for power distribution. Allocating 
households with high demand further from the substation raises risk of higher voltage drops along the 
distribution cable which may introduce additional network losses as well as it can reduce power 
consumption of the electric cooking appliances. 

Now with the network specification in place, the size of the transformer established and the ability 
for different non-cooking demand specifications to be characterised - a LV network model was 
developed and populated for use in OpenDSS. This model will form the basis for the subsequent LV 
network studies involving eCook in the remainder of the report. The topography for the scenario 
investigated is presented in Figure 0-44 where each of the busbars corresponds to those in Figure 
0-33. The red triangle represents the position of the substation in the central location of the network. 

 

Figure 0-4. LV Network OpenDSS Topology. 

The model was used to perform a series of studies to illustrate the dynamics of the LV network 
before and after the introduction of eCook to highlight the issues which new cooking demand may 
cause within the system. This is captured in the following sections.  

 

2.3 Pre-eCook Network Analysis (Peak Loading) 
The first simulation performed considers voltage variations at each household in the network with 

a demand of 500W per household. This presents a critical condition at which transformer operates 
close to its maximum rating.  

According to the LV network system specification, the maximum voltage drops allowed should not 
exceed 8% from rated with a maximum voltage drop at the service line of 5%, as explained with a 
support of the Figure 0-55 below [9].  
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Figure 0-5. Maximum Recommended Voltage Drops at the LV Network 

The voltage profiles under defined scenario for the LV network developed  are presented in Figure 
0-66. Busbars of the ultimate sections of each feeder are labelled. 

 

Figure 0-6. Network Voltage Levels under the load of 500W at each Household. 

From Figure 0-66, the maximum voltage drop in the considered scenario is approximately 2.1% 
from the nominal voltage which is within the recommended limits. It is also observed that in the 
busbar nodes furthest away from the transformer station the voltage drops are higher. This is due to 
the long distance in which the current needs to pass through the cable to reach the higher number of 
end customers. Consequently, it produces a higher voltage drop across the line. As a result, challenges 
with the adoption of eCook devices are expected to be the highest in the ‘end-portions’ of the LV 
network where lower voltages could have a negative impact on the power consumed by electric 
cooking systems and may increase the overall length of the cooking cycle. Solution to this problem can 
be installation of additional power converters stepping up voltage to 220V on each household level or 
addition of distributed generation with capabilities to boost voltage by injecting power to the network 
which would provide optimal operation of the electric cooking system.  

Load flow analysis at each feeder of the substation was also performed to understand whether LV 
networks operate below maximum thermal capacity limits for 50mm2 ABC of 183A [10]. According to 
the studies performed, the maximum current within the whole distribution model reaches 24A, 
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proving that under a pre-eCook scenario the network operates within acceptable conditions and 
without risk of exceeding maximum current ratings. 

 

2.4. Pre-eCook Typical 24-hour Profiles 
In the following section the temporal behaviour of the LV network across a 24-hour period, 

assuming 100% reliability of the system (no power outages) is considered for the pre-eCook loading 

configuration. This analysis is particularly important since it gives an understanding of voltage 

variations in the system across the whole day. It also indicates periods when the loading on the 

distribution transformer is high. This is an important aspect to know as this can be exacerbated 

through the introduction new loading such as those associated with electric cooking devices for 

example.  

The daily load profiles were matched with households according to previously defined specification 

in Section 2.1. The transformer was set to operate as a slack bus modelled as a fixed voltage source. 

The power flows through each of the three phases S1 (blue), S2 (black), S3 (red), in the LV network are 

shown in Figure 0-77 and correspond to blue, yellow and red phases in the Figure 0-3 respectively.  

 

Figure 0-7. Power Flows through the Transformer under Pre-eCook Scenario. 

From these figures it was determined that the maximum peak power demand in the system is 

reached in the evening and reaches approximately 24kVA on a typical day. The second highest peak is 

experienced in the early afternoon. Both peaks can be easily met by the installed capacity of the 

transformer and the system can operate within safe conditions under specified load demand. It can 

be also seen that the loading of the transformer is very low during off-peak hours suggesting that 

there is potentially a significant amount of spare capacity in the system which could be utilised for 

electric cooking applications as an example but this is subject to future  investigation, while 

considering energy storage devices for shaving peak loads.  

The previous analysis presented in relation to voltage (see Figure 0-66) identifies that the highest 

voltage deviations are experienced in parts of the network feeders which are furthest away from the 

substation circuit. Figure 0-66 shows that the most critical voltage drops can occur at busbars E, J, N 

and T. This section of the report illustrates a 24-hour voltage profile at each of these nodes under the 

pre-eCook scenario. The voltage profiles are presented in Figures 2-8,Figure 0-99,Figure 0-1010 

andFigure 0-1111. 
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Figure 0-8. Voltage Profiles at Busbar E. 

 

Figure 0-9. Voltage Profile at Busbar J (single-phase). 

 

Figure 0-10. Voltage Profile at Busbar N. 
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Figure 0-11. Voltage Profile at Busbar T. 

The figures presented confirm that at each busbar node the voltage is maintained within 

acceptable limits. This is also the case during periods with the highest evening demand when the 

voltage remains high.  Given an example of voltage profile at node E (see Figure 2-8) voltage drops 

across some of the phases are higher than others.  This phenomenon is a result of a load imbalance 

within the system and is primarily driven by the connection of the small businesses (like the pharmacy 

as an example), making use of several refrigeration systems simultaneously at high-power 

consumption.  

 

2.5. eCook Demand Profiles Specification and its Impact on LV Network 
In sections 2.3 and 2.4, the performance of the LV network has been presented under a scenario 

where no eCook systems have been deployed. The network in this case operates within safe voltage 
limits and without violating the maximum power constraints of the transformer.  

The next section of this report investigates the performance of the network after connecting eCook 
devices. To do so, cooking demand profiles were created based on cooking diaries surveys conducted 
with a group of people currently relying on traditional sources of energy for cooking residing in the 
Northern Province of Rwanda. The studies were undertaken in August 2019 and are used as a baseline 
demand profile for the adoption of eCook systems. Users residing in Murambi village were asked to 
estimate the typical time for cooking. The results of the surveys are presented in Figure 0-122, 
together with the average generation profile of a 230W PV module which could support eCook 
deployment during midday cooking practices.  
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Figure 0-12. Cooking Patterns in Murambi Village, Northern Province of Rwanda. 

Figure 0-42, shows there are typically three periods when villagers cook in Murambi. The highest 
peak is observed between 11am and 12.30pm when approximately 95% of all users interviewed in the 
village are making use of electric cooking appliances. Second highest peak starts at 6pm and lasts until 
9pm with a maximum of 55% of villagers cooking at the same time. Occasionally, some people also 
boil water in the morning, between 6am and 7am, this is also evident in Figure 0-122. 

Based on the comparison of non-cooking profiles introduced in section 2.1 and typical cooking 
routines in Murambi presented in Figure 0-122, it is concluded that the highest cooking demand is 
experienced at a similar time of the day as the non-cooking (baseload) demand. The combination of 
peak loads can introduce significant technical difficulties, in this case, as a result of the adoption of 
electric cooking devices on the network. The overall peak power consumption can easily exceed the 
maximum power allowed by the transformer. 

Figure 0-1313 presents the estimated network demand before and after the installation of 1kW 
electric cooking device to each household within the system. The demand was equally distributed 
within all households connected to the LV network and scaled down by the percentage of cooking 
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events across the whole village, according to the data illustrated in Figure 0-122. In this study, 
distribution power losses are not accounted for. 

 

Figure 0-13. Power Demand request from the Transformer Circuit. 

Figure 0-1313 highlights the issues which the LV network could experience while electric cooking 
appliances are connected. The new demand profiles present a strong overlap between the peak 
baseline and the cooking demands. The estimated peak demand for the considered scenario can reach 
approximately 85kW which is much higher than the available capacity of 50kVA which can be provided 
by the transformer. At this level of eCook penetration several ways of meeting existing demand are to 
be introduced, as presented in the Table 6. 
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Table 6. Different Solutions with potential to improve adoption and accommodation of eCook Devices on LV Network 

Conventional Network Upgrades 

 
 

 
Size-Up Capacity by Adding Another MV/LV 

Transformer, in parallel to existing 

Conventional method to increase power 

capacity within LV networks. Rather expensive 

solution (cost of a 50kVA transformer is 

approximately $12000 [3]). 

Upgrading transformer does not solve problem 

with lack of distribution/transmission capacity 

on the MV and HV sections of the power system 

where potential further upgrades may be 

required in the future.  

Use of Active Networks and Demand Side Management 

 
 
 

Active Management of Cooking Loads 

By using low-cost power converters installed at 

each household level it is possible to change 

power consumption of eCook loads to reduce 

loading on the transformer. This solution does 

not require high upfront costs but may extend 

duration of the cooking cycle which can become 

inconvenient for the user. 

 
 
 

Demand Side Management (DSM) 

In order not to exceed maximum transformer 

capacity, each eCook user may be allocated with 

a specific time slot for cooking in a way that 

maximum transformer capacity is never 



20 
 

reached. Introduction of this (relatively) low-

cost solution requires deep interaction between 

eCook users and network operator providing 

DSM functions. 

 
 

Introduction of a Smart Transformer with 
Additional Back-up Energy Storage 

This solution applicable within newly installed LV 

networks introduces a transformer circuit fully 

controlling voltages with power electronics. It 

gives capability to install internal battery storage 

to support peak load on the LV network. Such 

procedure may also have a positive impact on 

MV and HV stages of the power system. 

 
 

 

 

 

 

2.6. Voltage Distribution after Connecting Electric Cooking Devices 
The adoption of new loads within the LV network may have strong impacts on the voltage profiles. 

As presented in Figure 2-13, aggregated new demand including cooking (in orange) will often be 
significantly higher than the baseload demand (in blue) which can potentially cause voltage drops 
exceeding recommended threshold of 8%. To verify this, an OpenDSS simulation was established 
which presents the voltage profiles under a new ‘equivalent’ cooking load demand of 1kW - 950W for 
maximum Electric Pressure Cooker (EPC) load and 50W assumed for non-cooking demand. 1kW was 
allocated at each household level, including businesses and domestic users. The voltage distribution 
across the network under such an arrangement is presented in Figure 0-144. To simulate this scenario, 
the transformer supplying power was sized up to 150kVA.  

 

Figure 0-14. Voltage Distribution for the Demand of 1kW at each Power Consumer Level connected to the Network. 
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If we consider Figure 0-1414, the voltage drops observed after the tioning of eCook ‘equivalent’ 

device loads are significantly higher than while serving the baseload demand with no electric cooking 

devices. It is observed that the maximum voltage drop reaches approximately 4.2% drop from the 

nominal. These excursions imply that the distribution efficiency after connection of electric cooking 

devices is lower than while supplying non-cooking loads, however, the system still presents adequate 

performance and does not exceed maximum voltage drop recommended at the design phase.  

Under investigated conditions for a typical LV network in SSA, the maximum current limit of the 

existing cable is significantly higher than requested, while providing power to the eCook systems. As 

a result, it was concluded that the distribution network cables currently available can serve electric 

cooking appliances without a significant need to upgrade.  

 

2.7. Summary of the LV Network Studies 
The LV network studies presented here provide sufficient understanding of a typical distribution 

configuration in SSA, downstream from the secondary substation. The Studies carried out analyse 

loading on the substation, voltage profiles at different busbars as well as thermal limitation of the 

existing infrastructure. The summary of each aspects considered and its feasibility after the 

connection of electric cooking devices equivalents are presented in the table below. 

 

 

 

Table 7. Summary of the Network Performance. 

 Comments 

Substation Capacity Requires additional capacity (or a suitable non-reinforcement 

action) if approximately > 30% of users connect Electric Pressure 

Cookers (EPC) of 1kW 

Voltage Profiles For a typical network in SSA with 50mm2 ABC cable, voltage drop 

after connection of electric cooking appliances should not exceed 

maximum recommended of 8%, assuming load profiles similar to 

presented under Section 2.1. 

Thermal Constraints Cables can withstand power capacity delivered in the presence of  

the cooking load and there is no risk of exceeding maximum 

thermal capacity limits. 

 

Difficulties with Matching 

Peak Demand 

Studies performed indicate that non-cooking peak load which many 

power systems across SSA have difficulties to meet, coincides with a 

cooking demand which might become a critical aspect limiting rapid 

deployment of electric cooking appliances. This may require new 

upgrades on MV and HV stage of power distribution/transmission. It 

also may result is need for additional generation capacity with fast-

response capabilities (like gas turbines) or new Demand Side 

Management to spread cooking demand over time. 
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2.8. On-Grid Access to Electric Cooking – Discussion 
In general, voltage levels within the whole LV network with high penetration of households with 

eCook systems can be maintained. The maximum voltage drops should not exceed the recommended 

8% during normal operation. Furthermore, it is not clear to what extent that any local power quality 

regulations will be enforced and/or measured concerning voltage or other network parameters by the 

incumbent DNO (distribution network operator). Despite this fact, the LV network can still distribute 

power within its safe conditions and the thermal limits of 50mm2 ABC cables are not going to be 

exceeded. 

The main technical constraint identified within the LV network is associated with the limited size 

of the transformer which will be selected by network planners without considering the additional 

capacity required for electric cooking appliances. Under the existing configuration studied and on a 

“typical” day, approximately 30-40% of households connected to the secondary substation can be 

equipped with eCook systems. This proportion can significantly decrease once the baseload demand 

grows.  As a result, one potential solution is to use an Active Network Management (ANM) system 

would provide a means of control loads or ancillary equipment (e.g. grid connected storage) according 

to large changes in demand (here accounted for through cooking routines) [11]. Consequently, 

demand could be reduced while a high voltage drop is measured at the LV network, improving the 

overall efficiency of the system. This type of agile network management could be regarded as a 

medium-term solution to the problem where a transformer operates close to its maximum capacity 

and asset replacement continues to be undesirable (i.e. costly).  As a result, the solution can be used 

under cases where penetration of eCook devices in the network is relatively low. The ANM developed 

would have a capability to reduce the power delivered for cooking at the household level by modifying 

voltage setpoints at the cooker input terminal. As a result, more users could be cooking 

simultaneously. The drawback of using ANM scheme is that a longer time is required to prepare food. 

The proposed ANM scheme could also be equipped with appropriate time scheduling to give users an 

understanding of when they could cook and essentially allocate each user a 1 or 2-hour time slot for 

when cooking appliances can be used. This way, peak demand could be spread across longer periods 

of time which essentially could unload the transformer circuit, similar to GridShare technology 

introduced to unload electric cooking loads in Bhutan [10]. There are also options for the ANM to 

provide a coordinated load management of grid connected non-domestic assets.   

The discussion presented previously includes analysis purely of the LV network system. Identifying 

grid constraints which could occur elsewhere might highlight other critical limitations of power 

systems while introducing electric cooking appliances across the developing world.  

 

2.8.1. Difficulties with meeting Existing Load Demand 
The most critical technical issues experienced by the power system after the adoption of new load 

groups such as eCook appliances relates to the lack of generation capacity existing in many power 

systems across Sub-Saharan Africa and developing Asia.  This is the primary reason for blackouts on 

utility networks. Many of these countries face serious difficulties with meeting existing baseload 

demand and millions of people are exposed to a highly unreliable power supply. Most shortages occur 

during periods of highest demand (midday and late afternoon) which could overlap with electric 

cooking demand once it is introduced [12],[13]. As a result, power systems which normally struggle to 

meet the existing baseload demand would most likely become even more unreliable after the 

installation of eCook systems. Consequently, without additional network support being introduced 
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this would likely have a negative effect on both, eCook users and for those who wish to consume 

electricity purely for lighting. 

To analyse the potential for adopting eCook systems to the main grid, several power systems in 

East Africa (Kenya, Tanzania, Rwanda, Uganda and Malawi) were compared according to average 

installed capacity per capita. The comparison was based on total studies presenting total electric 

demand installed per each of the countries  divided by number of people who currently have 

connection to grid [14], [15], [16], [17], [18]. This is summarised in Figure 0-155.  

 

Figure 0-15. Average Power Capacity Installed per Capita. 

As a comparison, installed capacity per capita in South Africa is 850W, in the UK approximately 

1300W, and 3200W in the USA [19], [20], [21]. 

As presented in Figure 0-155, the average installed capacity per capita in East African countries 

varies from 40W to approximately 200W. This is substantially lower than required to provide clean 

electric cooking devices consuming at least a few hundred of Watts. Other limitations in the adoption 

of eCook devices are associated with the fact that most power systems in East Africa are hydro based 

(mainly in Tanzania and Malawi) and their full capacity is often unavailable insufficient rainfalls, 

primarily during the dry seasons. As a result, real capacity installed per capita might become 50% lower 

than presented in  Figure 0-155 [22], [23], [24]. Consequently, identifying feasibility studies of electric 

cooking on grid-scale should include analysis of future power system expansion plans required to 

satisfy electric cooking demand. 

A summary of issues faced by the power systems per analysed countries are presented below: 

Malawi – estimated shortage of electricity of 60MW, or approximately 17% of peak demand with no 

reserve margin. More than 90% of generated electricity comes from hydropower stations out of which 

up to 50% of capacity cannot be utilised during dry seasons. Malawi has no interconnectors with 

neighbouring grids at present. As a result of all aspects mentioned, the electricity supply is very poor. 

As a result of this, fewer people currently cook using electricity than it was in the past [25].  

Rwanda – country where the Government forced a difficult decision to provide more expensive 

electricity to all, instead of supplying cheaper electricity to very limited number of Rwandans [26]. As 

a result, the cost of kWh in Rwanda is the highest in the region (approximately $0.30/kWh for the 

lowest-income families with the lowest energy demand [27]). This is compensated in the overall 

system’s reliability which is one of the highest in the region. The number of blackouts has decreased 

from 450 in 2015 to 120 in 2018. Although the system is relatively reliable (for this region of the world) 
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and the rate of energy access consistently increases, the cost consumption for larger appliances other 

than lighting is too high for many Rwandans and installation of electric cooking to cover full cooking 

demand is unfeasible. As an alternative, the local Government has introduced strong incentives for 

LPG cooking in the city of Kigali by banning charcoal in June 2020 [28]. 

Tanzania – installed capacity in the grid in Tanzania reaches approximately 1500MW out of which 

droughts can remove up to 420MW [29]. Frequent problems associated with hydropower plants 

forced power sector in Tanzania to use more fossil fuels in the energy mix [30]. The power system 

experiences frequent outages, amongst the highest in the region with common blackouts of often 

more than 2 hours per day in the capital city – Dar Es Salaam [31].  

Kenya – the incumbent power system is mainly based on hydropower and is experiencing similar 

issues to Tanzania, associated with the lack of capacity during dry seasons. As a result, strong 

incentives into geothermal and wind power are introduced to diversify the energy mix. The costs of 

electricity are rising fast reaching 0.19$/kWh in 2019 in comparison to 0.10$/kWh in 2013. 

Interestingly, due to the Covid-19 crisis power consumption in Kenya has dropped and the 

Government encourages domestic users to consume electricity for cooking activities [32]. 

To summarise weak power quality in SSA, SAIDI (System Average Interruption Duration Index) and 

SAIFI (System Average Interruption Frequency Index) parameters were compared. The summary is 

presented in  Figure 0-1616. 

 

 

Figure 0-16. SAIDI and SAIFI Parameters Comparison for Different Parts of the World [33]. 

The results presented identify that particularly continental region in continental regions of MECS 

interest (South Asia and Sub-Saharan Africa), the grid is highly unreliable and the adoption of clean 

electric cooking on a large scale without any additional network reinforcement or ancillary 

management solutions will increase the level of outages. An increased frequency of blackouts may 

lead electric cooking end-users to switch back to traditional sources including charcoal and wood 

which has already been seen in Malawi, where several people using electricity as a primary source of 

energy for cooking was higher 15-20 years ago than it is today [25]. A technical solution to alleviate 

this  may be to install distributed batteries at a household level which can be charged whenever the 

grid is available. This stored energy can then be utilised for cooking during periods when outages 
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occur. The capacity of such a battery would ideally be sized in order to meet the worst-case scenario. 

Based on previous measurements taken by MECS in Tanzania, average electricity consumption for 

cooking per household per day is approximately 2.3kWh. Assuming households are to be equipped 

with lithium-ion batteries of 3kWh and at the current cost of $180/kWh, the total capital cost of such 

arrangement can currently reach ~ $600 (including power converters) which is significantly beyond 

the financial capability presented by the majority residing across Sub-Saharan Africa and Developing 

Asia. Evidence suggest that in some countries, including Malawi, electric cooking even with no energy 

storage back-up is currently a solution only for medium and high income families, as illustrated in the 

Figure 0-177 [34] [35], [25] (costs of electricity in African countries included in Appendix A). High costs 

of electric cooking in Malawi represents a clear barrier that needs to be overcome by the end 

customers, even if future trends in falling battery costs are considered. As a result, detailed market 

assessment for electric cooking in SSA and Developing Asia is required to identify where chances for 

adoption of electric cooking are the highest, considering power system reliability, cost of electricity, 

future trends in costs of products supporting eCook (such as batteries) and more. 

 

Figure 0-17. Type of Preferred Cooking Fuel (PERFORM represents rural areas) 

 

2.8.2. Difficulties Associated with Ageing Transmission System, Lack of Sufficient 

Reactive Power Compensators and Weak Grids in the Developing Countries 
Many power systems in Sub-Saharan Africa and Developing Asia do not produce enough adequate 

power transmission capacity to reliably support customers with basic electrical appliances. Other 

issues include an aging transmission system infrastructure and assets which have not received capacity 

upgrades to meet increasing generation and demand. As a result, significant problems with reactive 

power compensation may arise (especially in rural regions) which ultimately may cause high voltage 

drops at the Grid Supply Points (GSP) [36]. Such technology gives the capability to inject reactive power 

to boost voltage, which ultimately reduces transmission losses, improves the operational efficiency of 

the power system and reduces the total power required to transmit electricity [37].  

The provision of reactive power compensators in the system can reduce the installed capacity 

required to meet customer demand. This could be particularly important if considering the significant 

increase in demand that eCook would cause at medium to high levels of uptake [37]. 
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2.8.3. Cost of Cooking with Electricity in Comparison to alternatives, including LPG 

Cooking 
Before introducing electric cooking appliances, it is necessary to perform market feasibility studies 

for this type of cooking solution. The comparison would consider alternative cooking method based 

on LPG which is currently attracting more attention across many developing countries as indicated by 

the Figure 0-188 presenting aspirations to use LPG as a clean cooking solution in various African 

countries in 2030 [38], [39], [40].  

 

 

Figure 0-18. LPG Penetration Targets by 2030. 

Each solution (electric cooking and LPG) introduces pros and cons. As it stands, the market for LPG 

systems is currently at a more mature level (than electric) and has reached the stage where LPG can 

be offered on a PAYGO (Pay-As-You-Go) basis in several cities of Africa (for example in Kigali, Nairobi 

and more) [39]. However, issues remain when considering the introduction of LPG cooking in rural 

areas with low accessibility [41]. In such locations, electric cooking appliances and their independent 

operation present clear benefits compared to LPG systems. 

Despite examples illustrating the clear opportunities and the limitations of each of the cooking 

solutions, the most important aspects to consider are associated with ways in which  they could be 

integrated into the African environment where millions of residents (potential clean cooking users) 

live below the world’s poverty level of 1.90$/day/household [42]. Hence, typical domestic customers 
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cost of electricity and LPG are compared here assuming the same energy requirements and efficiency 

for each of the cooking methods. Studies are performed consider with a LPG energy conversion 

efficiency of  50% whereas electricity energy conversion to be 70%,  which is reasonable for both 

methods [43]. The cooking energy demand per day was assumed to be 1.6kWh/day/household 

(omitting EPC losses), as previously measured by MECS in Tanzania. The comparison includes only the 

running costs, ignoring the capital costs required to install each of the solutions under consideration. 

The expenses estimation for LPG and electric cooking was performed based on data available for 

electricity and LPG suppliers in Kenya, Tanzania, Rwanda, Uganda and Malawi.  

 

Table 8. Estimated Cost of LPG Cooking in East African Countries [44], [4], [45], [46].  

Country Cost ($/kg) Monthly ($/month) 

Kenya 1.54 12.92 

Tanzania 1.43 10.68 

Rwanda 1.22 10.10 

Uganda 1.87 15.48 

Malawi 2.17 18.05 
 

Table 9. Estimated Cost of Electricity Cooking in East African Countries [47], [48], [49], [50]. 

Country Cost ($/kWh) Monthly ($/month) 

Kenya 0.23 15.18 

Tanzania 0.16 11.04 

Rwanda 0.29 15.18 

Uganda 0.18 14.49 

Malawi 0.15 10.35 

 

  

Figure 0-19. Estimated Cooking Monthly Running Cost Comparison. 

The results presented in Figure 0-1919 revealed that in most countries where the market for LPG 

is relatively well established (Rwanda, Kenya), running costs for LPG are lower than for cooking with 

electricity. It might be primarily a result of higher uptake for LPG due to increasing costs of charcoal 

across years as well as lower cost of LPG than in the past (in Rwanda cost of 1kg of LPG in 2020 is 

approximately 70% lower than in 2008 [51]). In Malawi, the estimated costs of cooking with electricity 
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might be still lower than for LPG. This is thought to be as  consequence of the low uptake in LPG as a 

source for cooking --  it is considered dangerous and also requires high upfront costs (approximately 

$50) for a bottle of gas which is beyond the financial capability of the residents [52], [53].   

When introducing electric cooking technologies, it is recommended to add reliability costs 

(external battery) for use when the grid is not available due to frequent power shortages. The high 

costs related to obtaining reliable access to electricity can be spread over a longer period of time using 

a well-known pay-as-you-go (PAYGO) arrangement which is very successful within SHSs providers in 

Africa [54]. The model allows the distribution of the product cost to be spread over a period of 

(typically up to) 36 months to reduce the burden of paying the full upfront cost at once. The issues 

(from the end-user perspective) associated with such business arrangement results in high-interest 

rates which need to be paid for SHSs across 1-3 years. At present, the cost of SHSs paid over 3 years is 

at least 100-150% higher than if purchased full solar product upfront. Moreover, additional voluntary 

payments shortening the contract period of the PAYGO contract is not normally acceptable to service 

providers.  

A similar model could be introduced for electric cooking devices to avoid a substantial upfront 

payment to provide a backup battery system for highly unreliable grids. To verify this outline model, 

future market trends of lithium-ion batteries were considered which indicate that in 2024 they could 

reach a level of $100/kWh [55]. Assuming a 3kWh system is required with a charge controller, the 

overall cost of such a system could reach ~$350, including a power management system.  Considering 

the financial difficulties of the Sub-Saharan population, cost of eCook (even at the cost of a 100$/kWh 

battery system), its distribution, retail, shipment, operation and maintenance, even with the duty and 

tax exemption, the installation of eCook under the proposed arrangement seems still unfeasible for 

the majority low-income families residing across SSA.  

 

2.8.4. Two or More Cooking Devices used Simultaneously 
Previous studies performed in Murambi by the University of Strathclyde researchers verified that 

most families currently using biomass as a primary source of energy for cooking rely on two or more 

pots simultaneously. As a result, the adoption of clean electric cooking devices on a power system 

may become more challenging and may cause more frequent and longer power outages than currently 

experienced by already unreliable systems. Therefore, typical cooking routines would need to be 

changed or supported in a different way which in turn can cause significant difficulties for millions of 

people across Africa.  
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3. Off-grid Microgrid System 
The following section of the report considers the adoption of eCook systems to existing off-grid 

microgrid infrastructure. The model analysed is based on the most common source of power 

generation across the Global South – a solar PV system, with a backup lead-acid battery, an inverter 

producing AC power supply distributed to end customers. 

Out of several different solar microgrid system providers (each introducing different system 

specification), the model used to analyse the adoption of electric cooking devices was based on the 

system specified by Powergen. They have already deployed EPC systems on the microgrid level (within 

six sites where EPCs were installed) and have proven that appropriate system operation can be 

maintained while providing electricity for the additional loading these cooking appliances bring [56]. 

The layout of the microgrid considered in this analysis is presented in Figure 3-1. It consists of 88 

households supplied from a single generation and storage unit located in the central location on the 

system.  

 

Figure 3-1. The Layout of the Powergen Microgrid System. 

With the network topology of the microgrid established, the system was modelled in OpenDSS 

where additional power flow and voltage analysis was performed. Coordinates of the network were 

estimated based on topology seen in Figure 3-1 and demand profiles were randomly allocated to all 

88 households connected within the system.  

The local household demands for off-grid systems are typically limited in comparison to users who 

are connected to the main national system. This is a consequence of a higher cost of energy offered 

by microgrid providers and lower capability to pay for those who live in rural regions, where off-grid 

systems are typically deployed. As a result, household demand connected to the microgrid was 

primarily dominated by category 1 and 2 users which are occasionally equipped with a small 

refrigerator, modelled as category 3 consumers.  

The microgrid was sized according to Powergen specification. It is a three-phase AC system with an 

ABC Cable of 50mm2. The service lines are modelled as single-phase 16mm2 ABC cables. The maximum 

power consumption allowed by a single household is 2kW - enough to introduce eCook devices 

consuming 1kW. The size of the inverter is matched according to the number of customers connected 

to the system. The standard module of 3kW peak is installed for approximately 50 customers. 

Therefore, for a microgrid of 88 households, a 6kW inverter was selected [57].  
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3.1. Voltage Profile Analysis under Pre-eCook Scenario 
Voltage drops are expected to be <4% in the microgrid under the pre-eCook scenario, particularly 

considering the very low demand at the household level for people relying on off-grid systems. This 

has been verified based on the OpenDSS model developed. The demand profiles were analysed based 

on a 24-hour specification, according to household categories assumed previously, in Section 2.1. The 

voltage profiles, at ultimate terminals of each of the feeders, are illustrated in the bellow figures. 

Figure 3-1 presents profiles for household 1, Figure 3-2 is terminated by household 57 and Figure 3-3 

by household 88 in Figure 3-4.  

 

 

Figure 3-2. Voltage Profile at the ultimate section of the Feeder 1. 

 

 

Figure 3-3. Voltage Profile at the ultimate section of the Feeder 2. 
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Figure 3-4. Voltage Profile at the ultimate section of the Feeder 3. 

The voltage profiles provided illustrate that under a baseload scenario with no eCook loading, the 

Powergen microgrid does not experience high voltage drops which suggests that additional power 

could be transmitted through the cables experiencing low distribution losses.  

 

3.2. Voltage Profiles after Connection of Electric Cooking Appliances 
The following part of the microgrid study involves the investigation of the network behaviour after 

connecting eCook devices. In a similar way to the analysis performed for LV networks (see Chapter 2), 

demand profiles were constructed based on the demand estimation presented previously (see Section 

2.1) and were equally distributed across all households within the microgrid system. To analyse 

voltage profiles of the system after connection of EPCs at each household, limitations due to installed 

inverter, PV array and energy storage were ignored and 230V slack bus producing constant voltage, 

capable of providing an infinite source of power was introduced. This assumption was undertaken 

purely to investigate the performance of the microgrid cables. 

 

Figure 3-5. Voltage Profile at Household 1. 
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Figure 3-6. Voltage Profile at Household 54. 

 

Figure 3-7. Voltage Profile at Household 88. 

Based on the analysis of the voltage profiles, the maximum drop is experienced when 95% of all 

households connect a 1kW electric cooking device during the midday peak. As a result, for some 

microgrid locations, the maximum voltage drop can occasionally exceed the recommended 4%. 

Despite exceeding this threshold level, the cables can operate safely without the need for replacement 

or larger conductors. It is noted that this situation could change if two or more electric cooking 

appliances or equivalent supplementary loads were connected at each household.  

 

3.3. Microgrid Capacity Limitations while Installing eCook Devices 

The capacity of the power inverter converting DC voltage to AC for power distribution in the 

microgrid is the first element requiring reinforcement when adapting electric cooking devices. 

Currently, the off-grid household demand is specified primarily to support the basic Tier 1 and Tier 2 

appliances (ESMAP energy access tiers) including lighting systems and phone charging. But with the 

availability of an electricity supply other loads can begin to appear and so some households microgrids 

are also equipped with TV (~20W) and refrigeration systems (~60W). The total ADMD per household 

(at the microgrid planning stage) for such a specification is below 100W which is significantly lower 

than the power consumption after connecting eCook systems (circa 1000W). Currently, most LED 

bulbs deployed on off-grid microgrid or SHS level consume between 1.2W and 5W [58], [59]. Phone 

chargers are another common load and typically require around 2W. As a result, the ‘real’ operational 

ADMD for many users may not exceed 20W per household, leaving a proportion of headroom to match 

the electric cooking demand across several households. Within the network considered in this 
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research up to 5 households could make use of 1kW electric cooking systems simultaneously, without 

any need to reinforce the microgrid system.  

For a higher number of households using 1kW EPCs, an upgraded power inverter module is 

required to be added to provide enough capacity for meeting high cooking demand which would add 

extra upfront investment which can become a major challenge for the microgrid developers.  

 Other difficulties when matching new demand are associated with replacing legacy lead-acid 

batteries with new lithium-ion technology. Lead-acid batteries have been fundamental in providing 

optimal power supply for lighting at night in a great many operational mini-grids in SSA. The issues 

arise while introducing new demand with high power consumption peaks, such as cooking demand. 

Under such conditions, requesting high rates of power from the lead-acid battery may introduce 

significant heat losses and rapidly reduce operational life-duration of the energy storage [60]. Modern 

lithium-ion technologies could solve these issues; however, the cost of this energy storage technology 

remains at least twice as high as than lead-acid systems (~$100-150/kWh) for the same usable capacity 

which could be a major concern when entering an already difficult sector of off-grid electrification 

[61].  

 

3.4. Energy Requirements for eCook Devices 

Other issues relating to installing EPCs to off-grid microgrid systems is related to the lack of capacity 

of installed energy storage on  the network. Typical energy consumption of a household with a lighting 

system and phone charging, connected to the Powergen microgrid require between 100-120 Wh/day 

(data measured by Powergen and shared with MECS consortium).  Assuming electric cooking energy 

requirements per household of approximately 2.3kWh per day, existing storage capacity within each 

microgrid would need to be oversized by approximately 20 times (assuming everyone in the microgrid 

uses electric cooking devices), beyond what is typically seen to support the non-cooking loads in other 

words, to serve electricity for eCook on days when solar generation is low. Oversizing of these assets 

will inevitably increase costs up of the whole system and could present another barrier for off-grid 

electric cooking systems.  

 

3.5. High Costs of Energy 

To date, most off-grid systems are capable for servicing basic Tier 1 and Tier 2 appliances (e.g. 

lighting, phone charging, limited domestic refrigeration). This is a result of the socio-demographic 

status of people who have had no access to electricity in the past (before microgrid installation) and 

their emerging use of different electrical loads. Typically these customers are low-income families with 

very limited expenditure capabilities who often decide to invest in the off-grid system to support both 

domestic and commercial needs. 

The situation might be different while introducing electric cooking devices. The principal difficulty 

with the adoption of eCook systems might be related to the cost of energy required for eCook 

appliances. The COE for off-grid installations starts from $0.7/kWh (the lowest off-grid microgrid CoE 

found while conducting this research) which concludes that for a typical household requiring 2.3kWh 

of energy for cooking per day, the total COE could reach in excess of $40/month which is too high for 

low-income households [10]. This situation may change while reaching appropriate economics of scale 

and considering falling costs of solar panels and batteries which presents a scope for further studies 
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to verify comparisons between willingness-to-pay presented by people residing in rural regions of the 

Global South and the actual cost of electric cooking within the off-grid environment.  

 

3.6. Other Types of Microgrids as an opportunity for electric cooking adoption 

 Although existing solar microgrids would require substantial upgrades to provide electricity 

for clean electric cooking appliances, other forms of microgrid may present capacity to add EPCs 

without major rearrangements. This group of microgrids includes hydro-based systems with 

significantly higher generation capabilities than solar systems. As a result, wide deployment of 

electric rice cookers has been noticed in Nepal and Bhutan where hydro is the optimal (and the 

cheapest) source of electricity for rural, off-grid villages [62], [63]. Wide deployment of electric 

cooking appliances within hydro systems has been primarily enabled due to low cost of electricity 

produced by these types of systems which do not require additional backup energy storage. This, 

together with a long operational duration of hydro systems makes them significantly more attractive 

for connection of new, high-power electrical appliances than it is while developing solar microgrids 

where inverter, solar array and battery bank are required to be significantly oversized to match 

maximum power and energy requirements for eCook. 
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4. Interconnected SHSs Microgrids 
The final system topography considered is SHSs and their ability to support eCook when 

interconnected to form DC microgrids. SHS a very effective way of providing basic access to electricity 
to individual homes across the Global South and they have become a widely available solution in 
recent years (only in Bangladesh currently there is over 5 million SHSs installed [64]). When  
interconnected to form small DC microgrids  surplus electricity can be used to power  new appliances 
and loads including electric cooking appliances.  

The concept of interconnected SHSs microgrids is relatively new and have been primarily 
developed on Solshare systems with 12V distribution 
networks3. In 2019, a team of researchers from the 
University of Strathclyde developed a smart and 
scalable control unit with the ability to interconnect 
SHS with 48V DC distribution networks allowing 
exchange power between prosumers.  The technology 
is called the Energy Box and it operates at higher 
voltages than the SolShare solution. The Energy Box 
systems were initially sized to provide reliable access to 
Tier 3 appliances including refrigeration systems and 
TVs – these being new loads that customers were 
beginning to adopt. As a result, the maximum power 
allowed for import  by the Energy Box user was set to 
50W. Higher rates of power imported by the user would 
trip the overcurrent protection system that would 
eventually disconnect user from participating in the 
local energy market. 

According to the data gathered from BBOXX 
installations, an average of 65-70% of electricity generated by SHSs is wasted [65]. The ability to 
interconnect SHSs to form a microgrid can improve the security of supply and reduce the inefficiencies 
(waste) from the available energy source. The Energy Box makes use of existing SHS infrastructure and 
provides the ability to support additional high-power devices on the grid without the need to connect 
new generation or storage units.  

Figure 4-1 illustrates the layout of the microgrid developed by the University of Strathclyde 
researchers. The system has been deployed in the Northern Province of Rwanda and is based on 
BBOXX and Mobisol SHSs as well as one household which was equipped with a controller capable of 
importing electricity from the microgrid for basic lighting and phone charging.  

Technical specification of a BBOXX SHS is presented in Table 1011. 

Table 10. BBOXX SHS System Specification. 

PV Module Capacity (W) 50 

Storage at 12V capacity (Ah) 17 

Maximum Current Outflow per terminal (Amps) 3.5 

 Estimated Energy Generation per Day (Wh) 202 

 
3 https://me-solshare.com/ 

Figure 4-1. Interconnected SHS Microgrid Layout 
in Murambi village 

https://me-solshare.com/
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Parameters found for the Mobisol4 unit are listed in Table 1111. 

Table 11. Mobisol SHS System Specification. 

PV Module Capacity (W) 80 

Storage at 12V capacity (Ah) 35 

Maximum Current Outflow per terminal (Amps) 5 

Estimated Energy Generation per Day (Wh) 323 

 

To adapt the smallest DC eCook appliances available on the market-consuming 300W, the Energy 
Box would require significant modifications and oversized power converters. 

As seen in Table 10, the maximum power of BBOXX SHSs outflow at 12V batteries is approximately 
45W. This rate of power export is significantly below minimum requirements set by 12V DC pressure 
cookers of power consumption 300W at 12V and a substantial surplus of electricity would be required.  

Verification of power flows within the interconnected SHSs microgrid was conducted in Matlab 
Simulink as OpenDSS does not support DC power flows analysis.  

The Simulink model comprises of 8 blocks, each representing one of the SHS interlinked with RL 
components representing the resistance and inductance of the DC lines between households. These 
were modelled as 1.5mm2 copper cables with a maximum current limit of approximately 15A which is 
sufficient for Tier 3 appliances for which Energy Boxes were initially sized.  

Simulink model of the interconnected SHSs microgrids is presented in Figure 4-2.  

 

Figure 4-2. Simulink Model of Interconnected SHS Microgrid. 

Figure 4-2 illustrates a section of the microgrid with three nodes highlighted in blue which 
represent household generation and demand block. They are all interconnected with R-L elements in 
series to current measurement sensors. 

To simplify load flow analysis, each SHS was modelled as a Controlled Current Source which is 
governed by a droop control taking voltage level as a reference signal. Capacitors supporting voltage 
on the microgrid side represent the same capacitors as used in the SHS Microgrid in Murambi village. 

 
4 https://plugintheworld.com/ 

https://plugintheworld.com/


37 
 

A simplified model of a SHS block is presented in Figure 4-2Figure 4-3 where Conn1 and Conn2 links 
are connected to positive and negative terminals of the DC network.   

 

Figure 4-3. Simplified Block representing SHS with a Controlled Current Source. 

The input to the current block seen in Figure 4-3 is the current reference value. Output signals Va 
and Ia represent voltage and current measurements. Current outflow from the system is proportional 
to the voltage drop experienced at the capacitor element, according to droop control characteristics. 

The eCook systems used for the simulations represent DC EPCs as tested at the University of 
Strathclyde with a rated power consumption of 300W (the lowest power rating for EPC found while 
conducting these studies). These systems are modelled as a constant resistance load which implies 
that power consumption can be regulated by the output voltage where an eCook element is 
connected. Reducing the voltage at the input terminal of the EPC could reduce the power consumption 
of the eCook system. The downside of this procedure is that longer cooking time is required comparing 
to operation at nominal voltage level to which EPC was designed for. 

The simplified Simulink model representing eCook system is presented in Figure 4-4.  

 

Figure 4-4. 48V 300W EPC Simulink Model. 
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An EPC is modelled as a resistor of 7.68 Ohms which represents 300W power consumption at 48V. 
Additionally, a switch circuit is introduced which turns on/off the EPC system to simulate how power 
flows are distributed while cooking cycle begins. This simplified model was used to within load flows 
in the microgrid of interconnected SHSs in the next subsection of this report. 

 

Power Requirements for eCook 
Typical BBOXX system has (as specified before) a maximum capacity to export 45Ws of power. 

Although this value could be relatively high to energise Tier 1 and 2 appliances currently adapted 
within SHS, operation under such a condition is not recommended since it significantly limits the 
power capacity available in the SHS battery (due to heat losses) as well as the possibility to reduce the 
overall battery operational life cycle. Other risks are associated with tripping the internal SHSs 
overcurrent protection systems in the entire village due to a new high-power load being connected as 
a form of electric cooking appliances. 

To analyse power requirements from each SHS, load flows simulation was performed based on 
system deployed in Murambi (8 houses interconnected, each assumed to be with a SHS) where one 
of the users was equipped with the EPC. The test was performed on the model illustrated in Figure 
4-2. 

Load flows ignored demand already installed within interconnected SHS microgrid, including LEDs 
(1.1W), phone chargers (2W), radios (1W), occasionally TVs (8W) and one 100 litre DC refrigerator 
(17W). This is due to the clear dominance of EPC (300W) relative to the overall demand. These studies 
are performed for the worst-case scenario where eCook system is connected within a household 
located furthest from the microgrid centre (labelled as “1” in the Figure 4-1). The graphical 
representation of power flows within a system deployed in Murambi supporting single EPC is 
presented in the Figure 4-5 below. 

 

 

 

 

 

 

Figure 4-5. Power Flows in a Microgrid Supporting 300W EPC at Household “1” 

Figure 4-5 indicates that the highest amount of power through the cables interconnecting 

households while providing EPC support can go up to 196W. To distribute it over 48V, cables are 

required to handle current of approximately 4A. For 1.5mm2 wires used to interconnect households 

in Murambi, maximum current allowed is 15A [66]. This implies that after connection of one EPC in 

the interconnected SHS microgrid, thermal limits of the cable selected are not going to be exceeded 

but voltage drops at each stage can become high. The problems may occur if more than one EPCs 

are connected as requested by cooking devices may therefore exceed maximum allowed by the 

interconnections.  

Feasibility studies for adoption of EPCs also require analysis of power outflows from each of the SHSs 

in the network. This gives understanding of level of power support contributed by each of the SHS to 

supply EPC at household “1”. Rates of power requested from each SHS are presented in the Table 

123.  

1 

2 

3 

4 

5 

6 

7 

8 

196 W 139 W 
99 W 

70 W 
49 W 15 W 

31 W 
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Table 12. Power Flows Required to Support Singe EPC installed at Household “1” 

SHS Number Power Output Required (W) 

1 81 

2 57 

3 40 

4 29 

5 21 

6 18 

7 16 

8 15 

 

Table 123 indicates that as soon as power to supply EPC is requested, SHS1 and SHS2 would switch 
off from the microgrid (due to internal protection system disconnecting users while power outflow 
exceeds 45W). Simultaneously, power initially requested from SHS1 (81 W) and SHS2 (57 W) would 
need to be compensated by the remaining SHSs in the microgrid. This would result in further 
activation of protection systems within these SHSs and eventually disconnecting all users in the 
system from consuming electricity. 

Introducing of electric cooking appliances within one of the households connected in the central part 
of the village with more than one interconnection with the neighbouring SHSs could present greater 
feasibility for introduction of EPCs. To verify it, next simulation investigates feasibility to connect EPC 
at household “4” (see Figure 4-1). The estimated rate of power transfers in each branch of the 
microgrid is presented in the below. 

A further simulation has been performed for a scenario where a SHS located in the central point of 
the village was equipped with an EPC system. As a result, equal power distribution was expected from 
each unit within the village. The power outflows from each system are indicated in Table 13 below. 

 

 

 

 

 

Figure 4-6. Power Flows after connecting EPC in the central point of the village, at household “4”. 

By comparing Figure 4-5 and Figure 4-6, it can be noticed that maximum power transfer within the 
microgrid is lower under a scenario where EPC is connected in the central location of the network. 
Power requested from each SHSs to support EPC at household “4” is presented in the Table 134 
below. 
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2 

3 

4 

5 

6 

7 

8 

30 W 64 W 

W 
107 W 

106 W 67 W 
18 W  39 W 
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Table 13. Power Flows Required to Support a Single EPC at the Central Location of the Microgrid. 

SHS Number Power Output Required (W) 

1 30 

2 34 

3 43 

4 57 

5 39 

6 28 

7 21 

8 18 

 

As seen in By comparing Figure 4-5 and Figure 4-6, it can be noticed that maximum power transfer 

within the microgrid is lower under a scenario where EPC is connected in the central location of the 

network. Power requested from each SHSs to support EPC at household “4” is presented in the Table 

134 below. 

 

 

 

 

 

 

Table 134, just one SHS exceeds maximum power outflows from SHSs of 45W under a scenario 
where EPC is installed in the central part of the interconnected SHSs network. The power flows 
recorded also indicated that all systems interconnected are required to provide more power than 
recommended by the Energy Box and BBOXX settings. As a result, for the interconnected SHSs 
networks akin to  those considered here, it is not expected they would be immediately able  to adopt 
electric cooking solutions without the inclusion ancillary measures concerning network assets, SHS 
redesign and investment. 

 

Energy Requirements Analysis 
Based on the network model from Murambi village, interconnected SHSs being deployed today are 

not capable of supporting eCook systems considering maximum power outflow capabilities of SHSs 
and Energy Boxes. To change this - the design, component choices and construction needs to be 
repurposed to meet the updated maximum energy requirements within interconnected SHSs 
microgrids that are used to drive electric cooking devices. 

Analysis of interconnected SHSs microgrids presented in this report is primarily based on BBOXX 
and Mobisol SHS models deployed in Rwanda. The situation could change while considering other 
SHSs of larger capacities deployed across the Global South. To verify the feasibility of connecting 
eCook systems within interconnected SHSs microgrids, PAYGO companies within GOGLA (Global Off-
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grid Lighting Association5) were analysed. The full list of technologies offered by each company is 
presented in Figure 4-5 [68].  

 

Figure 0-7. SHSs Models Available on the PAYGO Market in Africa. 

Figure 0-7 confirms that 50W BBOXX SHSs analysed within the report are amongst the largest 
currently available in Africa. Hence if the use of electric cooking is not feasible for BBOXX 
interconnected SHSs microgrids, none of the SHSs currently deployed on the continent can drive 
electric cooking appliances. These companies would need to be engaged to bring the cooking 
opportunities to their attention and worked with stimulate this part of the sector. 

5. Conclusion 
The report presents three different network models which could potentially provide power for 

electric cooking appliances in SSA and Developing Asia. For LV network the major technical difficulty 

with the adoption of electric cooking appliances is the lack of capacity at the transformer stage. It has 

been shown that for 50mm2 ABC cables which are commonly used at LV stage in Africa, the maximum 

voltage drop after installation of electric cooking devices is within maximum recommended 8%. 

Thermal limits of the cables will not be exceeded. The studies were performed assume optimal 

functionality of the power transmission system and sufficient generation capacity within such power 

network, resulting in supplying adequate voltages to the LV distribution system. 

Considering different ‘hub-and-spoke’ solar off-grid microgrids currently requires individual 

analysis for each system provider operating in Africa, to date, no regulatory standards have been 

introduced and systems size, array capacity, types and size of the cables are selected according to each 

system operator. For the microgrid studies presented in this report, the Powergen model was used 

which represents a system installed in Tanzania. It has been shown that Powergen microgrids are 

capable to support electric pressure cookers, based on previous MECS and Powergen collaboration 

when electric cooking appliances were served to end-customers. The studies indicate that the major 

technical difficulties for these grids could be found at the inverter stage. The design of the microgrid 

by Powergen did not consider the use of electric cooking appliances, therefore, only around 5% of all 

microgrid users connected would be able to use EPCs under the existing arrangements. Providing this 

solution for a larger number of customers would require additional inverter modules as well as extra 

battery packages and PV modules which at present they are primarily designed to serve lighting and 

 
5 www.gogla.org 
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phone charging for end customers. Ideally having eCook and/or equivalent new anticipated load being 

factored in at the design stage.  

The final network topology investigated presents the performance of the interconnected SHSs 

microgrid. The model was based on previous studies carried out by the University of Strathclyde 

performed in the Northern Province of Rwanda with BBOXX. The results clearly indicate that the 

adoption of electric cooking appliances under such a system topology is not feasible. It emphasises 

that even for networks consisting of eight interconnected SHSs, a single EPC could not be supplied 

with sufficient electricity to power it. Furthermore, the consequences of adding electric cooking 

appliances under such arrangements without ancillary equipment could be catastrophic for the whole 

SHS network. It has been identified that all existing PAYGO companies in Africa are mainly focusing on 

providing basic access to electricity for lighting and phone charging – appliances of significantly lower 

power and energy requirements than cooking activities require. This model needs to be extended to 

have further tiers that can support the growing customer load base that includes eCook in the 

desirable ‘appliance’ list.  

The report has included other areas which need to be challenged while considering electric cooking 

adoption and the various difficulties which are currently experienced by power sectors in Sub-Saharan 

Africa. These includes frequent power outages, relatively high costs of electricity in some countries (in 

comparison to ability to pay for electricity for cooking) comparing to other clean cooking solutions 

which might become a critical barrier for adoption of eCook. 
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