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Executive Summary

The National Renewable Energy Laboratory (NREL), funded through the Climate Technology
Center and Network (CTCN), has provided technical assistance to the Council of Scientific and
Industrial Research (CSIR) and key energy sector entities in South Africa to examine untapped
demand-side management (DSM) potential. This technical assistance was facilitated by the
CTCN National Designated Entity (NDE) in South Africa, the Department of Science and
Innovation (DSI) at the request of CSIR who submitted the proposal to the CTCN to build its
research capabilities in DSM. The project included key South Africa stakeholders: Eskom, the
South African National Energy Development Institute (SANEDI), and the Department of
Mineral and Resources and Energy (DMRE).

South Africa is currently experiencing an energy crisis with extensive load shedding being
implemented to address the supply-demand imbalance. The principal challenge is the low energy
availability factor (EAF) of the coal-fired component of the existing generation capacity (for
2022, the weekly EAF average was approximately 62%). These shortages have been because of a
combination of unplanned breakdowns and maintenance and units being out of service for
planned maintenance. The energy crisis in South Africa is a supply side problem, as the country
does have excess installed dispatchable generation capacity of 48.3 GW compared to a peak
demand of 34.4 GW in 2022.

Demand-side management provides opportunities to achieve energy efficiency and to reduce
peak demand, which can lower system costs. DSM also has the potential to help alleviate load
shedding, which is a last-resort DSM mechanism. There is clearly potential for alternative DSM
measures to help mitigate periods of over 6 GW of loading shedding and 8 TWh of energy shed
in 2022. A comprehensive examination of possibilities for DSM programs for South Africa is
presented in this report. Many are already well-understood, and this report highlights those that
warrant further examination. The later sections of this report are focused on the potential for a
less well-studied DSM measure in South Africa, targeted demand response from smart loads.
Advanced Metering Infrastructure (AMI)—also referred to as smart metering—is a key enabler
of targeted demand response, as well as a technology that enables multiple DSM opportunities.

DSM covers a broad range of programs including demand response, energy efficiency, and
distributed generation. Demand response can be dispatchable and non-dispatchable, with options
to implement programs in the retail or wholesale market. DSM can provide many benefits,
including peak demand reduction, enhanced reliability, market participating reserves, and
flexibility to support renewable generation integration. A broad taxonomy of DSM is presented
in Figure 9. We examine the applicability of each of these measures in South Africa.
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Figure 1. Taxonomy of Demand-Side Management Schemes.

We identified several well-studied demand-side initiatives in South Africa that could provide

major benefits, including solar hot water heating, water heater ripple control, distributed solar
and battery systems, heat pump water heaters, and further roll-out of efficient lighting. South

Africa could consider continuing to pursue these programs.

There are further opportunities that have not been well-studied in the South Africa context,
including the following:

¢ Electric storage heaters: Many residential and small commercial customers rely on
portable small plug-in electric space heaters in the winter season. Electric heating is
estimated to account for 1,346 MW and 808 MW of peak demand for the commercial
and residential sector respectively. Electric storage heaters—wall-mounted in-room units
that heat thermal bricks using resistive heating during off-peak hours (i.e., nighttime
periods) to slowly release heat when needed, are a potential technology that could
alleviate peak demand. Although not energy efficient, storage heaters have low upfront
capital costs and can provide peak load reduction. Although heat pumps are another
alternative for providing more efficient heating, the high capital cost of heat pumps for
space heating, particularly given the short heating season, remains a barrier. Potential for
bi-directional heat pumps is low due to low cooling demand.

¢ Advanced metering infrastructure (AMI)/smart meters and smart tariffs: Advanced
metering infrastructure provides benefits in terms of improving meter reading
efficiencies, data for asset planning, operations for outage detection, ability to assess
power quality, characterizing and identifying losses, and enabling demand and energy
efficiency smart tariffs. Smart meters are a multi-DSM enabling technology, providing a
pathway for smart-tariffs (e.g., time-of-use), remuneration for distributed generation
export to the grid (i.e., bidirectional billing), customer feedback, and customer
measurement and verification for other demand response and aggregator programs.

! This is derived from end-use data provided by Eskom and scaled to meet 2021 demand.
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Efforts are ongoing in South Africa to rollout AMI, and the overall rollout must be
coupled with detailed and stacked (i.e., AMI is most cost-effective when use-cases are
maximized) cost-benefit analysis.

¢ Information via mobile emergency alert programs: Wireless emergency alerts have
been used extensively in the United States that allow federal agencies and local
government to provide targeted mobile alerts to all mobile devices within specific
geographic bounds (via proximity to cellular towers). Although this program was
principally developed for emergency alerts (e.g., natural disasters, public safety, missing
persons, etc.) more recently it has been used in emergency grid scenarios to achieve
demand reductions. Both California and New York have used the program to
successfully reduce peak demand, with the Californian Independent System Operator
recently using the scheme to avoid load shedding and achieving a reduction of 2.1 GW
(on a peak demand of 51.4 GW).

A potential challenge for DSM schemes and demand response (DR) is that load shedding
presents a challenge to obtaining greater levels of load reduction from other traditional DSM
programs. DSM and DR programs must reach massive levels of enrollment and capacity to be
able to provide an alternative to load shedding. Load shedding far exceeds any capacity that
these other traditional DSM programs could provide and presents a challenge in program
implementation because much of this load has already been shed—and critical mass of
enrollment must be reached for DSM programs to be a viable alternative to load shedding. There
were nearly 3,800 hours of load shedding in 2022, i.e., for more than 40% of the year. At its
height, over 20% of peak load was shed. A major challenge in the implementation of load
shedding thus far is that most of the capacity on any given distribution feeder would need to
participate in a DR program to be load shed exempt under current regulations [1].

Manual Load Reduction (MLR)
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Figure 2. Manual load reduction (MLR) load reduction duration curve using data from April 2018 to
August 2022.
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Current load-shedding programs de-energize entire communities for up to four hours and have
no means of isolating critical infrastructure on feeders targeted for load shedding, de-energized
equipment is at risk of theft, load shed events cause electrical equipment wear and tear (i.e.,
circuit breakers), comeback load is challenging to manage, and overall load shedding creates
large economic impacts (directly and indirectly). One potential solution is to use targeted
demand control as an alternative to load shedding. Targeted demand control (targeted load
reduction, targeted load shedding, or large aggregator programs) could help isolate critical
infrastructure, provide more equal outcomes in terms of duration of load reductions, keep
electrical equipment energized, help manage comeback load, and enable more control in terms of
shorter load reductions. Two-way communication and leveraging targeted demand control using
smart metering could provide multiple stacked benefits in terms of enabling net metering for
solar, time-of-use for energy efficiency and peak load reduction and flexible loads. We identify
AMI as a key enabling technology for targeted load shedding, targeted demand response, and
aggregator programs.

Targeted demand response can leverage AMI or another suitable two-way communication
infrastructure to provide several benefits:

e Targeted demand response can support faster rotation of service interruption. This can
minimize the impact on individual customers directly (by reducing outage durations) and
can create opportunities to distribute service interruptions equally over more customers.

e Targeted demand response provides flexibility in the implementation of when and where
load is dispatched. Schedules for demand response can be customized to reduce social
burden and cater to heterogeneous customer preferences.

e Flexibility in location of demand response dispatch reduces cold load pickup/comeback
load on distribution circuits, improving efficiency of reenergization and reducing wear
and tear of electrical equipment.

e Because of the ability to de-energize at the grid-edge (downstream of the distribution
feeder, at the customer point of connection) distribution equipment will remain
energized, reducing opportunity for theft.

e Load limiting or reducing the amperage that can be used at a customer premise with a
smart meter, can be an effective method for peak load reduction that is an alternative to
load shedding. This has recently been successfully trialed by Eskom.

e Aggregators can work with the transmission system operator (TSO) and distribution
system operator (DSO) to coordinate targeted demand response or possible load limiting.
The aggregator can then remunerate the participating customers and schedule demand
response dispatches to suit customer preferences.

e Ifimplemented with AMI or smart meter infrastructure, time-of-use or time-varying
tariffs can be expanded, resulting in a reduction in operation costs and additional demand
response mechanisms.
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Although supply-side solutions are key to addressing the current energy crisis, DSM can play a
major role in providing energy efficiency, reducing demand, and alleviating the impacts of the
energy crisis. DSM energy efficiency programs can continue to help customers reduce their
consumption and bills, and the flexibility resulting from DR can support the further integration
of clean energy technologies. DSM peak load reduction programs will provide the greatest
benefit if they are being designed as an alternative to load shedding, for which targeted demand
control could provide significant benefits.
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1 Introduction: Characterization of Load Sectors and
End-Use in South Africa and Current Demand-Side
Management Programs

South Africa is facing major challenges because of shortages in electricity supply. In the face of
shortages of generation capacity, the country has implemented active load shedding programs.
These shortages have been because of a combination of unplanned breakdowns and maintenance
and units being out of service for planned maintenance. In 2022, South Africa’s Council for
Scientific and Industrial Research (CSIR) reported 3,773 hours of load shedding, and the forecast
for South Africa is for continued widespread load shedding. Demand-side management (DSM) is
one of the tools to help achieve energy reductions through energy efficiency and load shifting.
Eskom, South Africa’s major public electric utility, has already implemented significant DSM
measures that have helped reduce energy consumption and provide demand flexibility. This
project investigates additional DSM measures that can provide South Africa’s power system with
further demand reduction and flexibility.

This study is led by the National Renewable Energy Laboratory (NREL), a national laboratory of
the U.S. Department of Energy (DOE), and includes the CSIR, the Department of Mineral
Resources and Energy (DMRE) of South Africa, Eskom, and the South Africa National Energy
Development Institute (SANEDI). The research is funded by the Climate Technology Centre and
Network (CTCN), an implementation arm of the Technology Mechanism of the United Nations
Environment Program (UNEP). CSIR initiated the proposal for this work through the National
Designated Entity of South Africa (NDE-RSA), the Department of Science and Innovation
(DSI), as a country request to CTCN. This multi-partner collaboration aims to both bring about
analysis on unlocking untapped DSM potential in South Africa, and provide training on DSM to
power system researchers and technical analysts in South Africa.

Overall, the remainder of this report is broken down into four sequential areas of focus:

1. Characterization of Load Sectors and End-Use in South Africa and Current DSM
Programs

2. Identifying Untapped Potential and Applicable DSM Schemes for Under-Utilized Load
Sectors

3. Dispatchable Smart Loads & Targeted DR/Load Shedding

4. Targeted DR Implementation Plan Considerations

1.1 Overview of South Africa’s Electricity System and Demand
Characteristics

Electricity consumption in South Africa grew rapidly from the late 1980’s to the mid-to-late
2000’s from a combination of broad-based improvement in living standards from redressing
inequity after the end of apartheid in the 1990’s, electrification and providing broader electricity
access, and overall economic growth. From the late 2000’s economic growth has stagnated and
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from 2007 South Africa started experiencing challenges because of a shortage of operating
generation capacity. As of the end of 2021, South Africa has an installed generation capacity of
57.9 GW (of which approximately 48.3 GW is dispatchable thermal generation capacity),
compared to a peak demand in the same year of 31.5 GW, see Figure 3.
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Figure 3. System load duration curve over a four-year period from August 2018 through August
2022. [Data Source: Eskom Data Portal]

The system load duration curve is presented in Figure 3 for the four years through August 2022.
Although South Africa has sufficient installed generation to meet peak demand, the energy
availability of that capacity—particularly of coal-fired generation, which makes up most of the
dispatchable supply—has been low because of unplanned generation outages. South Africa’s
generation mix is dominated by coal, with coal extraction and processing being a large domestic
industry. The low availability of installed generation has led to supply shortages and major
challenges for the power system. The installed generation capacity mix is given in Figure 4, with
coal representing over 75% of installed capacity. In 2021 coal contributed to 81.4% of energy
generation, with 5.4% being from nuclear and 6.7% being renewable energy, including hydro
generation. Eskom has open-cycle gas turbine peaking generation that runs on kerosene and
diesel that contribute toward high peak load electricity prices.
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Figure 4. Breakdown of South Africa system installed capacity as of December 2021

The major utility in South Africa is Eskom, a vertically integrated power utility (i.e., responsible
for generation, transmission, operation, and part of distribution). Eskom is planning to restructure
the company into distinct divisions (e.g., transmission, generation, market operation, and
distribution) and is tackling multiple challenges in terms of revenue losses, maintaining the
generation fleet, and achieving increased transparency and good governance. Eskom owns the
most generation, including almost all of the country’s coal-fired capacity, operates the market
and the transmission system, and is responsible for some distribution. Eskom own approximately
51,860 MW of generation capacity as of December 2021. South Africa’s renewable energy
independent power producer program (REIPP) has been responsible for most of the renewable
energy (RE) installed capacity, with over 6,000 MW of installed RE capacity by December 2021.
Eskom sells its electrical energy to municipalities, which make up most of its sales. For
customers not served by municipals, Eskom services those directly, including industry, mining,
and some residential areas. Most distribution is managed by eight large metropolitan
municipalities (i.e., Johannesburg, Cape Town, eThekwini, Ekurhuleni, Tshwane, Nelson
Mandela, Buffalo City, and Mangaung), with the rest being served by district municipalities and
Eskom [1]. The six largest metropolitan municipalities purchased 64% of Eskom’s total sales in
2016 [2]. The National Energy Regulator of South Africa (NERSA) has oversight to regulate
electricity, including licensing and compliance, infrastructure planning, regulatory reform, and
pricing and tariffs.

Shortages in generation supply have been due to maintenance backlogs, unplanned outages, and
repurposing power plants that are due for retirement. The annual average energy availability
factor (EAF), or the amount of energy available versus installed capacity, was 62% for 2022. A
key element of the low EAF was high levels of planned maintenance during the summer months
and high levels of unplanned outages [4]. Load shedding occurred for 3,773 hours (8,301 GWh)
in 2022, which has led to increased costs to, and lost revenue for, both Eskom and the South
African economy. The annual electricity generated, duration of outages, and volume of estimated
energy shed, as estimated by CSIR, is shown in Table 1. From 2018 to 2021 the volume of
energy lost to load shedding has continued to increase, with 2022 showing a further increase,
more than tripling the energy shed in 2021. Load shedding is achieved by Eskom’s different load
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shedding schedules, which currently run from Stage 1 through Stage 8, with an additional 1,000
MW of load shedding at each stage. Schedules are provided to municipalities, who are given
predetermined times (based on time of day and day of month), and volume of load to be shed
corresponding to each stage. This has been rolled out to try balance the impact of forced outages
among customers.

Table 1: Total Electricity Generation and Impact of Load Shedding from 2018 through 2021 [3]

Year Annual Electricity Duration of Energy Shed Energy Shed % of
Production (TWh) Outages (Hours) (GWh) Total Generation

2018 241 127 192 0.08

2019 239 530 1,352 0.56

2020 227 859 1,798 0.79

2021 234 1169 2,521 1.07

2022 233 3,773 8,301 3.56

South Africa’s electricity system is winter peaking, with demand during colder winter months
being higher due to electric space heating and water heating. Summer demand has historically
been lower as there is not a lot of electric cooling load from HVAC equipment. Bulk generation
planned maintenance is scheduled for summer months due to the lower demand. The highest and
lowest total energy consumption days and their corresponding system demand profiles are given
in Figure 5, in addition to average summer and winter load profiles. Peak demand occurs in the
evening, due to a coincidence of peaking residential demand and residual commercial and
industrial demand which starts to decrease in these hours. Load shedding can occur year-round,
but tends to occur most frequently and severely (i.e., periods with the highest levels of load shed
capacity) during these peak periods in the winter and during the evening peak. In 2022, load
shedding occurred for 18 consecutive days in the early weeks of July (winter) while no load
shedding occurred in February (summer). The highest capacity of load shed (up till 2022) was
6.85 GW at 6 PM on July 4, 2022.
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weekday demand showing hourly interquartile ranges, median, and outliers using Eskom system

load over the past four years from August 2018 through August 2022. [Data Source: Eskom Data
Portal]

1.2 Drivers of Demand, Load Sectors, and End-Use Breakdown

Quantification of the end-uses that contribute to system demand is the first step to understanding
potential for DSM solutions. Furthermore, the drivers of demand and social context of demand
change in each sector and end uses are important to consider in developing sustainable and
equitable DSM programs. The primary causes for increases in load and constraints that suppress
demand in recent years are explored in Section 1.2.1. Energy and a peak demand by sector
(residential, commercial, and industrial) are described in Section 1.2.2. Section 1.2.4 describes
the impacts and considerations for energy equity on each of these sectors, and finally work to
determine consumption disaggregated by end-use is presented in Section 1.2.3.

1.2.1 Demand Drivers

South Africa system peak demand reached its historical high of 37.16 GW in 2008 (with 36.51

GW supplied by Eskom) with subsequent demand falling, decreasing to 34.16 GW in 2021 with
31.47 GW supplied by Eskom[5]. Demand has been suppressed due to constraints on the supply
side that have resulted in high prices, extensive load shedding, and other demand-side measures,
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making it challenging to accurately quantify demand characteristics and anticipated growth. The
low EAF has been a major issue, due to unplanned maintenance and generation outages, which
have constrained supply, with an average EAF of 62% for 2022. Consumption in the industrial
sector has decreased due to successful energy efficiency efforts (between 2000 and 2012, overall
energy intensity decreased from 0.533 kilowatt-hours per rand (kWh/R) to 0.350 kWh/R),
installation of onsite generation, and the decline of some industry activity, particularly in mining
and minerals [6]. Concurrently to this, consumption in the residential sector has increased. The
residential sector is forecasted to increase its electrical consumption from 45.95 TWh (2015) to
66.22 TWh (2040) due to increases in electrification, increased ownership of electrical
appliances, growth in the number of households, and improvement in standard of living [2]. The
number of households has increased by 42% from 2000 to 2012 and, and as households with
upward economic mobility acquire more amenities and appliances, consumption has increased
[3] (details in section 1.2.3). Finally, access to electricity has improved from less than 33% in
1990 to 95% in 2023 [7], [8].

South Africa is a winter peaking system with an evening peak driven by the residential demand.
The industrial sector, while responsible for the majority of consumption, maintains a relatively
flat level of demand throughout the day [9]. Colder temperatures drive peak demand in the
winter, due to electric space and water heating, with an estimated one degree Celsius decrease in
temperature resulting in a 600-700 MW increase in peak demand [10]. Reduced daylight hours
also impacts load (in particular lighting load), with decreased winter daylight hours increasing
the load. Summer demand is lower due to the absence of space heating in the residential and
commercial sectors, as well as a decrease in electric water heater, lighting, and miscellaneous
plug load consumption.

Future load growth is expected to primarily come from growth in the residential sector, with
industry expected to level-off and only modest short-term growth expected for electric vehicles
(EV). Although EV growth must be supported by the network to enable EV charging, the current
market share of EVs is marginal in South Africa. To date, regulations for EVs are still in their
infancy and there has not been a roll out of government incentives. Investments in charging
infrastructure have been slow to gain momentum and there is overall low level public awareness
of EVs[11] [12]. The South African government has drafted a long-term automotive industry
transformation plan on low-carbon vehicles strategy and has published an “Auto Green Paper”.
This policy reform has not been finalized by the cabinet at the time of writing. EV targets have
not been set or announced to date. The South African automotive industry, which is one of the
leading manufacturing industries in the country, will need to accelerate EV development to keep
up with global transitions, particularly as most of the vehicle exports are to countries with targets
for new vehicle sales to be zero emission by 2040 and 2035[13].

1.2.2 Load Sectors

Load in the residential sector has continued to grow, with residential electricity consumption at
37.8 TWh in 2021 [10], up from 32.4 TWh in 2003 [14] (see Table 2). The share of system
consumption from the residential sector has steadily increased, from 17% in 2003 to 19 % in
2021. This has been because of an increase in the number of households, expanded electricity
access, and a decrease in the electricity consumed by the industrial sector. In 2003, industry
accounted for 49% of total electricity consumption or 93.3 TWh [14], while by 2021
consumption decreased to 40.05% of total electricity consumption, or 79.6 TWh [10]. This is
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partially because of energy efficiency efforts as well as a decline in industry economic activity.
The commercial sector, although a much smaller portion of overall consumption than either the
residential or industrial sectors, has grown the most from 19 TWh in 2003 to 30.6 TWh in 2021.

The residential sector is now the greatest contributor to the peak demand, at 27.4%. The
industrial sector (with mining and agricultural sectors considered separately) follows residential
at 27.0%. The commercial sector is the third largest contributor at 12.7%.

Table 2. Consumption and Demand in 2003 and 2021 by Sector.

Energy Consumption Peak Demand
Sector 2003 2008 2021 2003 2008 2021
Residential 17% 17.7% 19% 35% 34.7% 27%
Commercial 10% 13.9% 15% 10% 10.8% 13%
Industrial 49% 36.3% 40% 27.4% 27%
Mining 18% 14.8% 14% 52% 10.5% 11%
Agricultural 4% 2.5% 3% 1.8% 3%
Other 2% 14.8% 9% 3% 14.8% 19%
System Total 190.4 226.4 TWh | 198.9 TWh 31.9 GW 36.5 GW 31.5GW
TWh

For 2003, demand is provided for the industrial, agricultural, and mining sectors together. System peak demand
increased after 2003, peaking at 37 GW in 2008, after which point it steadily decreased. The ‘Other’ category
includes exports, losses, and traction.

1.2.3 Residential End-Use

End-use describes the activities that make up overall electricity consumption, for example,
electric space and water heating, lighting, refrigeration loads, and cooking. Studies by Hughes
and Larmour [7], [19], [20] examined residential appliance use via survey data from July to
September 2020 and calibrated their results with top-down national estimates, we present end-
use breakdown in Figure 6. Their findings were broken down into three income groups as end-
use varies with the diversity of households. Appliance ownership and aggregate energy
consumption findings are presented in detail in Hughes and Larmour’s “Review of Residential
Energy Efficiency Targets in South Africa” [19]. The highest income level uses five to six times
as much electricity as low-income households. As Ye and Koch note, lower-income households
tend to rely more on other forms of energy—primarily wood and paraffin for heating and
cooking [15]. This trend also appears in 2013—-2015 survey data presented in Reference [21],
with wood and paraffin each accounting for more energy use than electricity for the lowest two
bands of the Living Standards Measure (of a total of 10bands).

End-uses that are common across all income levels include lighting, cooking appliances, and
space heating. Electricity consumption for these end-uses varies across income groups, with the
highest income groups using nearly twice as much electricity for lighting per household as the
lowest income group. Notably hot water heaters exceed all other appliances in electricity
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consumption in both middle- and high-income households (noting that there were not enough
households in the lower-income group? with hot water heaters to be included in the analysis).

Total energy consumption 186 Average over all households
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Figure 6. National estimated total residential energy consumption (TWh) and average energy
consumption per household for 2020 [20].

Disaggregated data of the end-use of the commercial sector are limited and not widely available
at fidelity [21]. However, research presented in South Africa’s Department of Energy’s Second
Annual Monitoring Report suggests that energy efficiency in the commercial sector may have
improved while an increase in office equipment resulted in overall growth in electricity
consumption. Data from 2007 [9] indicate an average winter peak demand of 5,500 MW, with
major end-uses of consumption including HVAC, lighting, and other sources.

Disaggregated data of energy consumption in the industrial and mining sectors are similarly
limited. An example of industrial and mining sector data from 2007 data for an average winter
day [9] shows that (excluding mining) most industrial process electricity is consumed by motors,
with an approximate aggregate demand of 5,000 MW during the demand peak. Fans, pumps,
compressors, and HVAC account for up to 4,000 MW of average weekly winter peak demand.
Total peak demand in the industrial sector was approximately 12,000 MW, with little variation
between seasons. The mining sector shows a similar distribution of end-use, with motors
resulting in 1,700 MW of peak demand and fans, pumps, compressors, and HVAC accounting
for 1,300 MW. Electricity demand in mining amounts to 4,200 MW of peak demand.

2 The report defines income groups; low-income groups (monthly income <R5,000), middle income groups
(monthly income >R5,001 and <R20,000), high income groups (monthly income >R20,001).

8

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



1.2.4 Energy Equity in South Africa

Energy equity is becoming increasingly important in South Africa, particularly because there is a
large gap between affluent communities with primarily electric end-use and those with little to
no electricity access. It should be emphasized that while 95% of households are connected to the
grid, many connected households curb electricity use and rely on alternative energy sources due
to issues of affordability (see section 1.2.3). Solutions in South Africa must consider a diverse
landscape of district-municipal and metropolitan-municipal-run distribution utilities and
customers to avoid solutions that only increase inequality. There is a large potential to achieve
increased electrification and sustainable electricity growth in South Africa, but challenges on the
supply side may hamper that growth.

Determining energy poverty levels in South Africa is challenging because of a lack of data and
diverse communities, but several methodologies have been developed. A study by Ye and Koch
applied Foster-Greer-Thorbecke (FGT) indices—generalized poverty measures—to find the
number of households below the energy poverty line. Using the standard FGT formula, a
household is considered to be below the energy poverty line if that household’s actual energy
consumption is less than the household-specific poverty line, which is defined as the energy
required to meet basic needs. [15]. These results indicated that 58% of households were energy
poor, while 18% of households spent over 10% *of their household budget on energy. Other
literature finds national energy poverty levels ranging from 13% in 2014 to 69% in 2008.

Eskom’s electricity prices have steadily increased from 2008 to 2018, because of a combination
of increased primary energy costs, revenue recovery, increased emergency procurement from
independent power producers, and increased costs associated with maintenance [6]. From 2007
to 2022, annual Eskom tariff increases have frequently outpaced inflation by a factor of 2—6.
Electricity distribution is operated by both district municipalities and large metropolitan
municipalities, with the remainder being served by Eskom. Load serving distribution entities in
South Africa face diverse challenges, which has had impacts on Eskom’s business model as well
as challenges in equity of electricity access and revenue recovery. The Deputy President of South
Africa reported to the National Assembly that municipals owe Eskom a debt of 56.3 billion
Rands. Regional challenges include preexisting socioeconomic and racial inequalities, as
explored by Baker and Phillips, who argue that as more affluent customers and communities
integrate distributed energy resources, reduction in revenue will negatively impact electricity
services of poorer municipalities [6]. Inclining block tariffs (IBTs) have increased costs for
higher-income, high-energy consumers, motivating this group to seek alternatives such as solar
photovoltaics (PV). Affluent communities with high load consumption are seeking alternatives to
achieve energy independence, while municipalities that are losing revenue may require
intervention. For example, Cape Town is planning to generate a portion of its own power in the
future, which will help improve customer reliability of supply, but will also reduce Eskom
revenues—potentially increasing the challenge of achieving reliability for all [16]. Motivated by

3 The “10% affordability indicator” has been used to define energy poverty and indicates whether a household must
spend more than 10% of its income on energy consumption. DOE examines energy poverty using this indicator in
their 2012 and 2013 studies. Ye and Koch highlight that many households spending 10% or more of their budget on
energy may be curbing their energy use; if these households were to freely consume energy to meet their daily needs
without effectively restricting energy use, this income percentage would be higher.
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increased resilience, reliability, and carbon neutrality, the city of Cape Town has outlined plans
to install up to 200 MW of generation including PV and battery systems beginning in 2025, and
has issued an RFP for demand response aggregators [17]. Other municipalities have repeatedly
faced challenges in being able to pay for their electricity consumption, resulting in a pilot
program of “active partnering” with Eskom [18]. Eskom has taken over revenue collection for
the Maluti-a-Phofung Local Municipality and stepped in to maintain local infrastructure. This
landscape may present added challenges for Eskom, as sources of revenue such as Cape Town
are reduced, and other municipals face increasing energy prices and challenges in revenue
collection. This presents a major equity challenge because affluent municipals, which have likely
been subsidizing transmission and generation infrastructure for municipals with low-income
communities, are exploring means of becoming independent of Eskom. This can exacerbate the
financial challenges for financially struggling municipalities if more affluent municipalities find
means to become independent.

1.3 Demand-Side Management Programs in South Africa

South Africa has been proactive in creating holistic DSM programs to help alleviate supply side
constraints that have led to widespread load shedding. The National Energy Efficiency Strategy
(NEES) is an effort to improve overall energy efficiency, originating from a 2005 mandate from
DMRE [21]. It includes specific targets for percent improvements in energy efficiency by sector
and is not restricted to electricity consumption. Although outcomes of NEES include
measurements of improved energy efficiency and expanded standards for energy efficiency
(more detail is presented next) no mandatory targets for load sectors or customers or enforcement
of energy efficiency measures exist. The Energy Efficiency and Demand-Side Management
(EEDSM) Programme, which evolved into the Integrated Demand Management (IDM)
Programme, was initiated by Eskom in 2004, and eventually became IDM under the National
Energy Regulator of South Africa [22]. The EDSM/IDM efforts include energy efficiency (these
efforts have contributed to meeting the NEES targets), load shifting, and peak shaving. More
recently, Energy Performance Certificates (EPC) for buildings have been introduced by SANEDI
to evaluate building performance. The National Cleaner Production Centre (NCPC) at CSIR has
partnered with Eskom to provide support for businesses to improve energy efficiency [23]. This
is an ongoing effort.

1.3.1 National Energy Efficiency Strategy

The energy efficiency impacts outlined in the DMRE reports, “Post-2015 National Energy
Efficiency Strategy” [12] and “South Africa’s Energy Efficiency Targets: Second Annual
Monitoring Report” for 2015 [2], show that efficiency has improved since the implementation of
NEES, with almost every sector’ meeting or exceeding its respective targets. Energy efficiency
is measured as the percent reduction in energy consumption relative to the baseline consumption
projected from the year 2000.

The industrial sector improved energy efficiency by 28.6% between 2000 and 2015, while
overall electricity consumption increased from 2000 to 2012. During the same period the share
of industrial energy use from coal dropped from 57% to 34%. Of the four sectors examined, the

4 The Second Annual Monitoring report lacked data on transportation, which is primarily not electrified.
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commercial and public sectors have exhibited the lowest improvements in energy efficiency
metrics with 2003—-2013 data indicating efficiency improvements of only 0.47% per year [21].
Energy efficiency in this sector may, however, be masked by growth in office computers and
peripheral plug-loads. The report emphasizes that, because of a lack of reliable data, energy
efficiency in the commercial sector may be higher than the reported 0.47% improvements per
year.

The residential sector has exceeded energy efficiency goals. This is attributed to both
technological improvements and behavioral changes, motivated by both increased education and
energy efficiency awareness and financial incentives to save money [21]. The 20132015 survey
found that energy efficient technologies such as efficient lighting (e.g., compact fluorescent
lamps [CFLs] and light-emitting diodes [LEDs]), roof and wall insulation, hot water heater
blankets, ripple control for water heating, and low-flow shower heads had greater adoption at
higher Living Standards Measure (LSM) levels, as defined by the South African Audience
Research Foundation and used by DOE in the Second Annual Monitoring Report. It should be
noted that at lower LSM levels, electrical appliances are not used as often, because of a lack of
grid connection, electricity access, and appliance costs—e.g., candles are used for lighting and
wood is used for water heating.

The Second Annual Monitoring report identifies opportunities for improvement in promoting
awareness of energy efficiency in new appliance purchases. Based on survey data, relatively few
respondents considered energy efficiency when making first-time purchases. The post-2015
National Energy Efficiency Report highlights the continuation of solar water heating (SWH) and
future mass roll out programs as opportunities for continued energy efficiency improvement. The
SWH program saved 600 GWh from 2010 to 2014, as estimated in a study by Hughes and
Lamour’s work, [7], [19], [20], notable as electric water heating accounts for the largest portion
of electricity use in the residential sector. Increased adoption of SWH and hot water heat pumps
as an alternative to traditional hot water heaters is modeled, resulting in 2.97 TWh of energy
savings in the residential sector alone.

As part of the NEES effort, the Minimum Energy and Performance Standards (MEPS) were
expanded. MEPS are compulsory legal requirements for commercial use of appliances in South
Africa and are intended to improve energy efficiency in the residential, commercial, and
industrial sectors. In a study by Hughes and Lamour, it was demonstrated that tightening MEPS
will continue to improve residential sector energy efficiency, with the most extensive
implementation scenario of MEPS estimated to have a potential energy savings of 6.66 TWh
from 2025 to 2040. Standards and Labeling policies were introduced and eventually made
compulsory for ten types of appliances: electric water heaters, electric ovens, refrigerators,
freezers, dishwashers, tumble dryers, washer-dryer combinations, washing machines, air
conditioners, heat pumps, and audio and video equipment [25].

1.3.2 Energy Efficiency and Demand-Side Management/Integrated Demand
Management Program

The EEDSM/IDM is an extensive program that includes energy efficiency efforts and extends to
load shifting and peak shaving objectives. This program has achieved a reduction in demand of
4,500 MW and a reduction in energy of 47,600 TWh from 2004 to 2018 [22] [26]. Demand
management initiatives span industrial, commercial (including agricultural), and residential
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sectors. Crosscutting efforts including a CFL rollout that achieved at least a 1,950 MW reduction
in demand [22], see Table 3.

Table 3. Demand Reductions Achieved by EEDSM/IDM Projects

EEDSM/IDM Program Effort Demand Reduction (MW)
CFL rollout 1,950
Industrial_and rpining sectors (process optimization, fans, pumps, 1,000
refrigeration, conveyor systems, waste heat recovery) ’

Agricultural sector (pumping loads) 100
Commercial sector (lighting, HVAC) 200
Mass roll outs (excluding CFL) 170
Geyser ripple control 120

Total | 4,500

The demand reduction in the residential sector benefitted from the EEDSM program. A mass
rollout program of a collection of technologies included LED lamps, pool pump and hot water
heater timers, energy efficient shower heads, and ripple control of hot water heater loads. DSM
programs in the commercial sector focused on lighting, shower heads, heat pumps, SWH, and
process optimization. Energy use in the industrial sector benefitted from process optimization,
lighting, heat pumps, HVAC, compressed air, and improved ventilation.

Eskom has the capability to dispatch DSM and can deploy these sources to meet system needs.
Up to 1,014 MW of instantaneous demand response can provide Eskom’s DR fast frequency
response service (respond within 6 seconds) as a form of operating reserve. This instantaneous
DR is planned with day ahead scheduling and can be dispatched within six seconds of reaching a
predetermined network frequency. Up to 364 MW of supplemental demand response can be
called upon with a 30-minute notification to reduce load during peak hours via instruction from
the system operator. Up to 62 MW of critical peak day reserves has been provisioned from
critical peak pricing (international tariff). Finally, approximately 300 MW of demand response
has been achieved from Power Alert updates, historically TV and radio announcements during
peak hours (between 5 pm and 9 pm). Currently, Power Alert has been reintroduced to
communicate the power system status to the public via certain TV channels [27].

1.3.3 Current Efforts in Commercial & Industrial: Energy Performance
Certificates for Buildings and National Cleaner Production Centre Business
Support

In 2020, DMRE introduced regulation to make EPC displays compulsory in an effort to reduce
demand in the commercial sector and reduce greenhouse gas emissions from buildings [28], [29].
The EPC Guideline dictates data requirements that must be submitted to SANEDI, which will
baseline the energy performance of buildings and result in a performance rating (A through G,
with A being the lowest tier of energy consumption). Building owners should target at least a D
rating, which is benchmarked as the midpoint of average for South African buildings [30]. EPCs
must be displayed at the building entrance.
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NCPC-SA has partnered with Eskom to support businesses in energy management efforts[23].
This service includes technical assistance from Eskom and the NCPC-SA to reduce energy and
water consumption. Free tools and videos have been made available; this effort also provides
energy assessments, training, guidance for obtaining financing and tax incentives for energy
efficiency measures, and support in pursuing advanced certifications.

1.3.4 Active Use of Demand Response Programs and Load Shedding

Eskom actively uses several DR programs on an ongoing basis to deal with supply-side
challenges. Eskom has faced major challenges in the energy availability of its fleet, with an
annual average EAF of 58.1% for 2022 (i.e., on average, 41.9% of the generation fleet was
unavailable). A key factor of the low EAF has been the high levels of planned maintenance
during the summer months and high levels of unplanned generation outages [4]. Given the low
EAF, DR schemes have been used extensively by Eskom to avoid a nationwide blackout. Eskom
characterizes the different DR programs as follows:

e Manual load reduction (MLR): Demand that has been reduced because of load shedding
and/or curtailment. In general, this is the largest source of DR with 6,993 GWh of load
MLR used from April 2018 to August 2022. Figure 7 shows the duration curve of the use
of MLR for 2022, and Figure 8 shows the peak usage on July 4 for the same year.

e Interruptible load shed (ILS): This is consumer load that can be contractually interrupted
without notice and is reduced by remote control and/or instruction from Eskom National
Control. There are individual contracts in place that can limit the use of ILS. This has
been the second largest source of DR with 617 GWh of load ILS utilized from April 2018
to August 2022.

e Interruption of supply (IOS): This is contracted and mandatory demand reduction utilized
by Eskom National Control. It also includes interruption of supply due to transmission
system faults. It was the lowest source of DR, with 221 GWh of load IOS used from
April 2018 to August 2022.

DSM has huge potential to help alleviate load shedding, which is a last resort form of DSM.
There is clearly potential for alternative DSM measures to help mitigate the more than 6 GW and
5.7 TWh (January to September 2022) of load shedding. However, the situation in South Africa
is a supply side—specifically availability of existing supply capacity, rather than a demand-side
problem.
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Figure 7. Manual load reduction duration curve using data from 2019 to 2022 [Source: Eskom Data
Portal].
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Figure 8. Manual load reduction daily usage for July 4 2022 (the highest use of MLR in 2022)
[Source: Eskom Data Portal].

1.4 Taxonomy of Demand-Side Management Programs: World
Examples, Use, and Applicability in South Africa

DSM covers a broad range of programs including demand response, energy efficiency, and
distributed generation. Demand response can be dispatchable and non-dispatchable, with options
to implement programs in the retail or wholesale market. DSM can help achieve peak demand
reductions to achieve generation and network capacity investment deferrals. Using DSM to
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shave peak load can also reduce reliance on expensive peaking generation which can overall
lower the levelized cost of electricity.

Demand response can also be used to offer enhanced reliability, providing the following:

e A range of services from non-dispatchable peak load alleviation through peak price
signals and information alerts

e Market participating reserves and reductions
Emergency load reductions through participating customers, underfrequency relays, and
direct load-shedding programs.

Flexibility on the demand side can also be used to integrate renewable generation, providing a
source to use excess renewable energy generation and shift load from hours with low renewable
energy availability. A broad taxonomy of DSM is presented in Figure 9. In Table 4, we break
down the broad categories and sub-programs, give an overview of their use and world examples,
and their applicability in South Africa

Demand-Side Management

Non-Dispatchable I Combined heat and power (CHP), Building insulation,
- Energy efficient lighting and appliances,

P Fuel cells and hydrogen systems,
~ Electrochemical Storage, Solar Th : "
= olar Thermal,
Electric Vehicles (V2G)
Heat Pumps

¢ - Micro-turbines
Time sensitive pricing (with || TV Alerts and Notices " Policy based efficiency standards
demand-charges) Mobile Messaging Mass-roll out programs
Reducing critical peaks by price Alerts & Notices -
incentives Traffic style
1
Smart meters with Dynamic IEC’T:E "!';Amtl.’rerff '?E‘:”
Baeits e\-7 s of notifications
Critical Peak Pricing (CPP) Online resources and 8 yback inning Reserves
Peak Ti Rebate (FTR education _ .
aK fme E _a = t _] Home energy reports o : onse n Emergency
Real Time Pricing (RTP) and customer feedback ’ Underfrequency rela

Spinning Reserves for
Frequency Control,

Figure 9. Taxonomy of demand-side management schemes.
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Table 4. A Breakdown and Overview of Demand-Side Management Programs, World Examples,
and Their Applicability and Use in South Africa.

DSM Schemes and Use/Potential in South Africa
Demand biding and buyback programs: DR customers bid load
curtailment/reductions into the day-ahead or real-time markets which are in direct
competition with supply side bids. These demand-side units usually are
expensive and require high levels of dependability to compete with the reliability
of supply-side dispatch [31]. This demand can also be called upon to provide
reserve capacity, because it is typically more expensive than peaking generation.
The California Independent System Operator (CAISO) offers market products for
DR to offer energy, spinning, non-spinning, and demand-side unit commitment
services to operate in the day-ahead and real-time wholesale markets [32].
CAISO’s extensive DSM program has been relying on the demand-side for
capacity relief during summer months and during load shedding events. EirGrid,
which operates the market and national control center in Ireland, offers a
demand-side unit (DSU) program, allowing demand-side resources to bid
demand reductions into the wholesale market [33].

» Use in South Africa: Eskom is not using any demand bidding or

buyback programs where DR is participating in the wholesale market.

Energy Price: Subjecting the demand-side to the wholesale market price
encourages customers to shift demand from peak-price hours to off-peak periods
(typically peak-prices occur during peak demand hours, but renewable
generation is moving the system net load peak). Subjecting customers to the
real-time price also subjects customers to large price fluctuations and volatility in

§ the wholesale market. A good example of this is Griddy Energy, a company that
o operated in Texas and subjected their customers to the wholesale price. During
@ % - the week of the Texas winter storm and blackouts in 2021 a surge in wholesale
X © | 20 prices resulted in residential customers with bills that exceeded $1,200 for a

12 § & E single week [34].

g 4 % 2 » Use in South Africa: Eskom and the municipalities do not offer their

8 g é u8.1 customers the wholesale electricity price.
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Frequency services: Frequency regulation services help keep supply and
demand balanced at times and is the principal means of maintaining system
frequency and stability (50 Hz in South Africa). Frequency regulation can
range from instantaneous (i.e., inertia services that resist initial rate-of-
change-of-frequency in a contingency event), primary response (response
time of seconds, i.e., droop control from generator governor response),
secondary response (i.e., minutes—typically from online reserve generation
with automatic generator control), and tertiary response (tens of minutes—
typically from bringing online additional generation from dispatch). DSM can
provide each of these regulation services, with online motors providing
inertial response (the demand-side has inertia that is intrinsic and not
remunerated), and primary and secondary response provision enabled by
advanced fast-acting and automatic demand response and energy storage
[35]. The Electric Reliability Council of Texas uses demand response to
provide frequency services; in particular, it uses under-frequency relays for
load shedding as a mechanism for DR participation in the ancillary service
market [36].

» Use in South Africa: Eskom's Instantaneous DR program had
certified 1,014 MW of demand that can be called upon to provide DR
fast frequency response, a minimum of 10 MW of load reduction
capability is required to participate and must be able to be called
upon within 6-seconds of notification. This demand response results
from large industrial customers, who are scheduled a day ahead and
receive payment for the capacity on standby. These loads respond
within six seconds of network frequency exceeding a predetermined
threshold.

Voltage control (demand-side watt and VAR control): Demand-side
resources—in particular those that are inverter-based resources—can
provide voltage control through either active (watt) or reactive power (VAR)
control. These functions have been specified in standards (e.g., IEEE 1547-
2018) and can be adopted in utility interconnection standards. Using
demand-side resources to provide watt and VAR control to regulate voltage
provides grid-edge support which can help alleviate power quality challenges
related to distributed energy resource (DER) grid integration and can
increase DER hosting capacity. Both Rule 21 in California and Rule 14H in
Hawaii, by respective state public utility commissions, have mandated the
use of volt-VAR and volt-watt functions for behind-the-meter solar
photovoltaic inverters [31], [38].

» Use in South Africa: Unknown whether any municipalities in South

Africa are using these functions yet.

Voltage control (conservation voltage reduction): Conservation voltage
reduction (CVR) and volt-VAR optimization is a voltage strategy to both
flatten and lower the voltage profile on the distribution network, while keeping
voltages within defined character of service bounds (i.e., in South Africa,
service voltage is to be kept within £10%) [39]. This strategy helps lower
energy consumption because of the voltage responsiveness of the load.
Traditionally, the majority of CVR gains were from incandescent and halogen
lighting (resistive lighting exhibits a relationship closer to V?/R, where power
is proportional to the square of voltage). As more loads have power
electronic interfaces (i.e., either inverters or switch-mode power-supplies),
the benefits of CVR have decreased but overall energy reductions can still
be achieved. CVR has been shown to deliver energy savings on the order of
0.3—-3%, but are dependent on the load characteristics (resistive loads offer

Controllable
Ancillary
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DSM Schemes and Use/Potential in South Africa
better savings) ; existing voltages are already operated on the high side of
the character of service bounds [40].

» Use in South Africa: Unknown whether municipalities in South
Africa are using CVR.

Direct load control and interruptible demand: This form of DSM is directly
controllable by the system operator/control center. This will interrupt demand
to end-users and control is enabled by communications. The control can be
coupled with visibility of response, i.e., some form of metering. Historically,
this type of control has been enabled by ripple control schemes, but more
recently includes more advanced communication systems and aggregators.
Interruptible demand can be arranged by agreed-on customer energy
curtailment levels (or duration and number of interruptions) incorporated into
rate discount, bill credits, or other agreements to reduce demand during
system contingencies. Depending on the agreement the customer can be
interrupted unannounced or may require advanced notice. The agreements
can include an agreed season, number, hours, and duration of interruptions.
There are many variations on direct load control and interruptible demand.
One example is Hydro-Quebec'’s Line-Voltage Communicating Thermostat
(LVCT) pilot for baseboard heaters, where LVCTs communicated through
customers home Wi-Fi to a central Cloud platform where a trial ran set-point
modulations to pre-heat homes before peak periods. Another example is
Vector Energy, based in Auckland, New Zealand, who ran a hot water load
management trial for the residential and commercial sector (frequently the
largest source of building load). This program revamped a ripple control
system to use a radio device commonly used for street lighting applications.
This node was connected to the participant’s smart meter and then
connected to the relay that used to receive the ripple signal, providing more
flexibility and control [41].

» Use in South Africa: In South Africa 400,000 homes are enrolled in
hot water heater ripple control (approximately 200 MW). While each
hot water heater can contribute 3 kW of demand, not all hot water
heaters are on when the signal is received. Ripple control therefore

results in 0.5-0.6 kW of reduction in demand per hot water heater.

Load shedding: Load shedding is a last resort for system operators and can
take multiple forms. Load shedding can be scheduled in advance in the case
of known shortages of capacity, it can be triggered by under-frequency load
shedding relays typically placed at key load serving infrastructure (e.g.,
distribution substations). Under-frequency load shedding programs must
coordinate the amount and location of load to be shed and activate
frequency thresholds to avoid exacerbating contingency events.
> Use in South Africa: Eskom has developed an efficient and highly
impactful load shedding program, with eight stages of load shedding,
each of 1,000 MW of demand. As discussed in section 1.1, load
shedding is regularly used to reduce demand when supply is
challenged to meet it.

Energy/ Voluntary

Capacity
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DSM Schemes and Use/Potential in South Africa
Time-sensitive and Smart Pricing: Time-sensitive pricing can take many forms,
from traditional time-of use, critical peak pricing, demand-charges, peak time
rebates, and other multi-tiered tariff structures (e.g., electric vehicle tariffs with an
additional night-time off-peak period). These can also be more dynamic to include
day-ahead and real time pricing, although these structures subject customers to
more volatility and risk associated with the wholesale market. These pricing
structures do require interval billing capable meters (i.e., advanced metering
infrastructure and some automatic meter reading devices). Advanced tariff structures
have included demand-charges, which charge customer for peak demand events,
that are currently used by Arizona Public Service, a utility based in Phoenix [33].
Other advances in tariff structures have included those in Hawaii, where very high
levels of rooftop solar exports have results in smart export programs to try motivate
increased customer self-consumption of solar [43].
> Use in South Africa: Eskom distribution purchases from its single-buyer
power market and sells on to customers, including all transmission network
and ancillary service charges. For municipals, Eskom charges time-of-use
pricing schemes through its Municflex and Municrate tariff schemes. Time-
sensitive pricing is in its infancy in terms of the roll-out to residential and
commercial customers as the AMR/AMI roll-out is still ongoing. Eskom offers
multiple time-sensitive pricing tariff structures, including critical peak pricing
to non-municipal customers (e.g., large industrial and agricultural customers)
on their Megaflex, Megaflex Gen, Miniflex, Ruraflex and Ruraflex Gen tariffs
who have half-hourly interval metering enabled [44]. Eskom is working
towards tariff restructuring to modernize the system to reflect a changing
supply and demand environment and help prepare for future unbundling of
the utility’s business entities.

Information/Alert Based Programs: Customer education is key to obtaining any
form of non-dispatchable demand response. Time-sensitive and smart pricing often
needs to be coupled with extensive customer education programs, and pilot
programs have shown that information media enhanced response to smart pricing
schemes [45]. Information based programs include online education, mobile
applications, emails, information flyers, and mobile alerts. Home energy reports with
customers’ bills have become a frequently used feature for utilities after an AMR/AMI
roll-out. These programs are common for utilities with AMI, a more recent example of
a home energy report pilot was implemented in Delhi by BSES Rajdhani Power
Limited (BRPL) with a control group (i.e., that do not receive the update, with both
online and mobile-based analytics) and those that do. Other information-based
systems include the California Independent System Operator (CAISO) Flex Alert
program to notify customers to voluntarily conserve electricity during periods of
system stress. The Flex Alert program comes with recommendations to raise
thermostats (used for cooling), avoid using major appliances, and turn off
unnecessary lights. In an emergency scenario in September 2022, California
recently used the state Governor’s Office of Emergency Services (Cal OES) to issue
a cell phone alert during an extreme load event immediately before having to resort
to load shedding, a subsequent 2,100 MW reduction was observed (approximately
4% of that day’s peak demand) [46].

» Use in South Africa: Eskom’s Power Alert system asks for voluntary
requests for residents to reduce energy use and is broadcasted daily over
four different television stations. These broadcasts include system
information via a color status that indicates the power system condition, i.e.,
stable, strained, severe, or critical.

Time-sensitive pricing & Information/Alert Based Programs &

Non-Dispatchable
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Solar Photovoltaic (Rooftop): Rooftop solar has multiple benefits for utilities; decreasing grid
imports, reduced CO:2 emissions, and potential peak demand reductions. Adoption of rooftop
solar has been driven by a combination of falling solar prices evolving tariff and rate structures
offering customer remuneration for grid exports (e.g., net-energy metering, feed-in tariffs), and a
desire for renewable self-generation for energy independence and sustainability. Net energy
metering (NEM) has been adopted and mandated by many utilities and public utility commissions
in the U.S., and now, with solar targets having been met or exceeded by NEM programs, ‘NEM
2.0’ is being explored with feed-in-tariffs, demand-charges, and other tariff structures [47].

» Use in South Africa: Currently, the majority of customer meters in South Africa are not
enabled for solar exports and the country does not have a large net-energy-metering
program, either at the federal, state, or municipal/metropolitan level. There are programs
for DER generation at municipalities and metropolitans. The city of Cape Town has a
Small-Scale Embedded Generation (SSEG) program for customers to install rooftop solar
[48]. If a customer wishes to also export solar the municipality will install a bi-directional
meter for applying feed-in-tariffs, but customer will pay for the meter [49]. Other
municipalities are incorporating SSEG into their network. The number of municipalities
participating on SSEG has increased from 10 in 2016 to 56 in 2020 [50]. Eskom has a
both a Wheeling program (i.e., remote generation can be used to offset local
consumption), and a net billing program for its customers [51].

Solar Photovoltaic (Community & Solar Farms): Larger-scale solar photovoltaic that is more
distribution centric can take the form of independent power producers developing solar farms and
having power purchase agreements with the utilities to which they connect, or in the form of
community solar. Community solar programs allow customers to lease or buy part of an offsite
shared solar farm and receive benefits from their participation. Both of these forms of solar have
the same impact with reducing the power generation needed from the bulk system during
production hours.

» Use in South Africa: Community organizations can work with developers to build
community owned solar as part of the REIPPPP (Renewable Energy Independent Power
Producers Procurement Programme), e.g., ownership through community trusts [52]. A
challenge of community solar in the REIPPPP is developing community engagement,
education, and achieving equity in the ownership model, either through working with non-
profit or for-profit developers. Community solar is being viewed as a means of reducing
reliance on expensive electricity from the bulk system, and increasing grid-edge
resilience from communities, with programs by larger metros such as Cape Town to
smaller community projects (e.g., Matsila Community Development Farm) [17], [53].
REIPPP developments are tasked to contribute towards local community development,
enterprise and socioeconomic development, local ownership, and job creation, although
local engagement can be unequal and challenging.

Electrochemical Storage: Energy storage can provide system services of energy arbitrage,
energy shifting, peak shaving, solar self-consumption, and backup power if enabled to form a
microgrid. Lithium-ion has been the forerunner for electrochemical stationary energy storage as
lithium-ion energy storage prices have decreased 73% from 2010 to 2016 [54]. Similar to solar,
energy storage can be sited behind-the-meter or can be used in front-of-meter applications.
Battery storage has been adopted for behind-the-meter applications for customers on price-plans
that motivate solar self-consumption, energy shifting, and for demand-charge reduction.
Customers are also adopting energy storage for backup power applications. Xcel Energy, with
service territories across the U.S., is an example of a utility offering customers an incentive
program to install storage for utility use to study their impacts for reducing peak load. Utility tariff
structures (e.g., demand charges and zero export tariffs) are motivating customers to purchase
energy storage for rate-based use-cases for peak shaving and solar self-consumption.

» Use in South Africa: DMRE is required to procure 513 MW of energy storage, with a
minimum of 4 hours of storage and a minimum size of 77 MW, which would exclude most
smaller community and customer applications. The South Africa Local Government
Association is assisting municipals with understanding energy storage and its use-cases.

Distributed Generation/DER
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DSM Schemes and Use/Potential in South Africa

Municipals, such as Capetown, are planning to invest in utility scale battery storage
systems as a form of grid-edge resiliency and capacity. Municipals could use energy
storage as a means of arbitrage, peak shaving, network capacity deferrals, or as reserve
capacity in constrained load shedding events.

Other DERs and Distributed Generation: Other forms of distributed energy resources (DERSs)
include electric vehicles, fuel cells and electrolyzers, combined heat and power, micro-wind,
diesel generators, and Stirling engines. These other DERs have opportunities to be used in
demand-side management programs (e.g., EV’s and smart charging, fuel cells and electrolyzers
for hydrogen-to-grid applications, combined heat and power efficiency gains, etc.).
> Use in South Africa: South Africa has limited adoption of EV’s or hydrogen systems.
There are some commercial and industrial applications using combined heat and power.
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Energy Efficient Lighting: Energy efficient lighting has come from major advances in compact
fluorescent lamps (CFL’s) and semiconductors with light-emitting diodes (LED’s). These have
significantly reduced lighting consumption from traditional incandescent and halogen lighting that
have low lumens per watt efficiency. CFLs and LEDs can reduce power ratings by up to a factor
of four for the same lighting output. Energy efficient lighting has been adopted due to enthusiasm
from customers for their lower running costs and longer bulb operational lifetimes. Additionally,
countries have motivated efficient lighting adoption through a combination of directives banning
the sale of traditional incandescent and halogen lighting, incentives for customers, and roll-out
programs. Street lighting provides a major opportunity to achieve efficient lighting. An example is
ACTO Energy, based in Alberta Canada, who replaced their high-pressure sodium (HPS) street
lighting with LED bulbs and installed an intelligent street lighting system that provided lighting on
demand (i.e., dimming lights when the presence of vehicles, cyclists and pedestrians are not
detected). LED street lighting over HPS provide benefits in terms of; reduced energy
consumption, higher lighting quality, longevity and reduced maintenance, less light pollution, and
faster transition to full light output [41].
> Use in South Africa: For South Africa the CFL rollouts of the national energy efficiency
programs were impactful, resulting in a demand reduction of 1,950 MW. Studies indicate
that there is still substantial use of halogen bulbs and CFLs, but few LEDs [7].

Solar Thermal: Behind-the-meter solar thermal can be used for multiple end-use applications to
reduce electricity consumption. Solar thermal can be used for space heating, but more
traditionally, for hot water. Solar thermal can displace electricity demand and has the same grid
impact as other energy efficiency measures. There are many forms of solar thermal for space and
water heating, these include; unglazed, solar pool, transpired, flat-plate, evacuated tube, and
concentrating solar collectors [55]. In cold weather environments an active closed-loop system
with antifreeze, passive or active drainback systems can be used to prevent freezing conditions
damaging the system.
> Use in South Africa: A solar water heater (SWH) rebate program in South Africa

resulted in over 400,000 SWH installed between 2008 and 2018 [56]. The program

initially had a target of 1.75 million installations, and so far, installations have been

prioritized in areas of low electricity consumption [57].

Energy Management Systems: Energy management systems (EMS) provide enhanced control
to provide energy efficiency (e.g., more closely meeting occupancy schedules, more closely
matching thermostat set points with user needs, etc.), and moving load from on to off-peak hours
to help reduce peak demand costs (e.g., schedulable loads and timers). EMS can provide
customers with energy reductions but can also help shift loads under time-sensitive pricing tariffs.
An EMS can also enhance occupant comfort by providing enhanced control, more closely
matching the operation of heating and cooling systems with occupant needs [58] .

» Use in South Africa: Energy management systems for consumer load shifting and peak
shaving do not have a customer motivation due to a lack of AMR/AMI interval billing and
customer time-of-use tariffs. EMS could be rolled out by providing incentives for their
installation, but customers could not be directly rewarded for energy shifting. EMS can
also provide efficiency by providing control over time-of-use of heating and cooling
systems, and more closely matching energy use with occupancy.

Heat Pumps: Heat pumps represent a major opportunity to electrify fossil-fuel fired heating
systems (e.g., gas, oil, or diesel space and water heating), and to improve overall energy
efficiency. When transitioning from a non-electric heating solution, heat pumps do result in a
major new electrical load on the system. Reversible heat pumps can be used for heating and
cooling purposes, and in a climate where heat pumps are primarily introduced for heating, cooling
load may be introduced where formerly there was no load. Heat pumps can be used in both
space and water heating applications.
» Use in South Africa: South Africa has had roll-out programs of heat pump water heaters
to replace traditional electric hot water heater. Hot water heaters typically have a load of
around 3 kW while heat pumps, at full load, are typically only 1 kW. Heat pump water

Energy Efficiency
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DSM Schemes and Use/Potential in South Africa
heaters could help reduce the water heater load while also providing customer energy
efficiency.

Building Retrofits and Efficiency: Achieving energy efficiency through building improvements
can both improve occupant standard of living and reduce energy consumption. Measures include
increased insulation in walls and roofs, reducing infiltration and air tightness, and double and
triple-glazed windows [59]. These can be achieved by building codes and standards for new
builds, motivating improvements in efficiency by building efficiency ratings, and programs and
incentives for retrofits. Building retrofits are a vital part of achieving energy reductions, as many
estimates have shown that the majority of today’s building stock (approximately 80% for
estimates for the UK [60]) will still be in existence in 2050.

» Use in South Africa: Municipals and metros have developed retrofitting schemes; Cape
Town has programs that focused on retrofitting low-income communities susceptible to
health impacts from moisture levels and cold temperatures. These saw benefits, both in
reducing energy costs, and improving health impacts such as lowering the incidence of
tuberculosis. Barriers to building retrofits and built environment energy efficiency have
been identified as households with low income, high upfront investment costs, occupant
resistance to retrofits, and low consumer enthusiasm [61],[62].
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2 Ildentifying Untapped Potential and Applicable
Demand-Side Management Schemes for Under-

utilized Load Sectors

South Africa has myriad of different DSM schemes that have been implemented, including the
NEES and EEDSM/ IDM programs discussed in section 1.2.4. This next analysis seeks to
understand the different end-uses (e.g., motors, HVAC, and water heating, etc.) in each load
sector (i.e., industrial, residential, commercial, mining.) in terms of their potential for flexibility
and contribution to peak demand. The potential of untapped dispatchable and non-dispatchable
DSM programs is then discussed with respect to their peak load reduction potential and readiness
level.

2.1 Sector End-Uses, Peak Demand, and Current Demand-Side
Management Schemes

In 2021, the industrial sector accounted for the largest volume of total electrical energy sales,
followed by the residential sector. However, it was estimated that the residential sector
accounted for at least the same portion of peak demand consumption (17%); see Figure 10. The
industrial sector had a peak-to-average ratio of 0.93 (i.e., industrial demand stays relatively flat
during the day) as opposed to the residential sector with a peak-to-average ratio of 2.0 (i.e.,
residential peak load is double its average consumption levels). From estimated data from
Eskom, most load sectors have a relatively flat demand profile, see Table 5.

The industrial load sector is responsible for the majority of dispatchable DR program capacity;
see Table 6. Eskom has 346 MW of supplemental DR, 1,014 MW of instantaneous DR and 62
MW of critical peak day DR—with the majority of each of these programs coming from the
industrial load sector. The residential sector participates in a limited set of voluntary DSM
programs. Non-dispatchable demand response from the residential sector is achieved through
Eskom Power Alert programs, which are alerted through TV and mobile applications. All load
sectors involuntarily participate in load shedding programs. Ripple control programs for water
heaters have approximately 400,000 customers enrolled from the residential sector, with
dispatching resulting in approximately 200 MW of reductions.

To understand the potential flexibility and opportunity for DSM schemes, the end-use for each
load sector must be clearly understood. The time-series end-use for each load sector, based on
estimated Eskom data and scaled for 2021 demand, is provided in Figure 11. This provides
insight into which end-uses increase their demand during peak hours, which have high peak-to-
average ratios (which can suggest opportunities for load shifting), and the overall contribution of
each load sector and end-use.
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Eskom Total Sales 2021 (GWh)

Industry, 36% 79,647 GWh

Residential, 17% 37,814 GWh

Commercial, 14% 30,577 GWh

Mining, 13% 28,456 GWh

Other (Small Power Users, Losses),
10% 22,169 GWh

Exports, 6%, 13,466 GWh

Agriculture, 3%, 5,885 GWh See

Peak Demand
(31,469 MW)

Industry, 27%,
8,501 MW

Residential, 27%,
8,622 MW

Commercial, 13%
3,989 MW

Mining, 11%
3,329 MW

Other (Small Power
Users, Losses),
12%, 3865 GWh

-Exports, 6% 1,753
MW

Agriculture, 3%,

Table 5. _1,046 MW
Eskom Peak Demand 2021 (MW)

Figure 10. Eskom total electricity sales and peak demand by load sector for 2021. Internal sales
and traction account for less than 1.3% of sales and peak demand, further details are provided in

Table 5.
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this category are likely system losses.

Table 5. Eskom total electricity sales and peak demand by load sector for 2021. Additional load metrics are provided. The highest sector
for each metric is highlighted in green. Note that the category “Other (Small Power Users, Losses)” are not sales, and the majority of

Sector: Eskom Percent of Eskom Percentage Average Peak to
Total Sales | Total Sales Peak of Peak Demand Average
2021 (GWh) 2021 (%) Demand Demand (%) (MW) Ratio

2021 (MW)

Internal Sales 521 0.2 38 0.1 59 0.64

Traction 2,495 1.1 326 1.0 285 1.14

Agriculture 5,885 2.7 1,046 3.3 672 1.56

Exports 13,466 6.1 1,753 5.6 1,537 1.14

Other (Small 22,169 10.0 3,865 12.3 2,531 1.53

Power Users,

Losses)

Mining 28,456 12.9 3,329 10.6 3,248 1.02

Commercial 30,577 13.8 3,989 12.7 3,491 1.14

Residential 37,814 171 8,622 27.4 4,317 2.00

Industry 79,647 36.0 8,501 27.0 9,092 0.93

Table 6. Eskom certified capacity in different DSM programs and load sectors that support each program.

Program MW Certified (Eskom) Sectors

Supplemental DR 364 Industrial

Instantaneous DR 1,014 Industrial

Critical Peak Day 62 Industrial

Water Heater Ripple 200 MW Residential

Control

Power Alert Approx. 300 All sectors but aimed at
residential

Load Shedding 1,000 MW increments for All sectors

each stage from Stage 1to
Stage 8
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Figure 11. Load profile of the Eskom system during the peak demand day, separated by sector and end-use. End-use data are from 2007
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and scaled to the 2021 peak demand (note that ‘Geysers’ are electric water heaters).
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Figure 12. Eskom system peak demand, separated by sector and end-use. End-use data is from
2007 and scaled to the 2021 peak demand.

2.2 Demand-Side Management Technologies and Load Impact

Specific, untapped end-use technologies are discussed in Section 2.2.1, dispatchable DSM
schemes are discussed in 2.2.2, and non-dispatchable DSM schemes are discussed in 2.2.3. In
characterizing end-use technologies and DSM programs that would most benefit the South
Africa power system, assumptions regarding the impact on the system peak demand were made
based on 2007 M&V data scaled to the 2021 peak load, provided by Eskom [9]. New
disaggregation studies could be conducted to obtain more accurate load profiles to refine this
analysis. Categories for technology maturity were identified for each opportunity using the five
stages of the technology adoption cycle described in the DSPx Grid Modernization Vol. I [63].
These are described briefly in Table 7.

Table 7. DSPx grid modernization technology adoption stages.

Pre-operational R&D (includes pilots)
Under test/evaluation Operational demonstrations
Operational Early commercial deployment

Proven and in production use:

e Greater than three operational production
implementations

e Market choice (two or more vendors)

Mature deployment

Obsolete & replace
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2.2.1 End-Use Opportunities

Opportunities for peak demand reduction were identified in end-uses in the residential and
commercial sectors that make larger contributions to the peak demand. These sectors are
examined because there is already a large volume of industrial load participating in Eskom DSM
schemes and industrial load consumption has been declining. Furthermore, the residential and
commercial sectors do not have large-scale participation in DSM programs and have a high peak
coincidence. Potential end-uses for these sectors include lighting (2,070 MW), water heating
(2,300 MW), and space heating (2,150 MW) are presented in Table 8. Consumption because of
space heating and water heating can be reduced with the introduction of more energy-efficient
technologies including alternatives to electric space heaters (portable electric plug-in space
heaters are predominately used) and hot water heaters or improved building airtightness and
insulation. Electric water heater load can be reduced with the deployment of solar water heaters.
SWH typically needs to be supplemented with auxiliary heating elements, which would reduce
this impact on the load reduction. The use of auxiliary heating during cold Winter days may be a
concern for seasonal peak load alleviation. Heat pump water heaters could provide load
reductions by up to a third of the load consumed by traditional hot water heaters, because of
increased efficiencies. Similarly, heat pumps for space heating could reduce the load consumed
by electric space heaters—although by how much would depend on local environmental factors.
Heat pumps can use as little as 35% of the energy required by electric space heaters in temperate
climates but this can increase to 50% in colder climates. Finally, replacing CFLs with LEDs
represents the smallest maximum potential peak demand reduction (just under 1,000 MW) but
may have the lowest barrier to implementation and provide lasting reductions in energy
consumption.

2.2.2 Dispatchable Demand-Side Management Opportunities

Utility controllable or dispatchable DSM can be implemented through technologies described in
Table 9, which rely on autonomous or centralized communications for control. These
technologies fall into two categories: demand response and distributed energy storage. It is
feasible to implement the former through several methods. An expansion of the ripple control
program to shut off commercial and residential hot water heaters could reduce the peak demand
by up to the entire hot water heater peak load, or 2,300 MW. Other technologies, of varying
maturation stages, can target multiple end-uses such as hot water heaters, pool pumps, or
refrigeration, resulting in a greater peak demand reduction than ripple control for hot water
heater loads alone at approximately 3,600 MW. Manipulating the demand for refrigerators
requires active temperature monitoring and has been historically been better suited to large
commercial and industrial refrigeration given their larger thermal mass. These facilities can
remain cool for long periods without compressors running. Residential has lower cost potential
because of the volume of communications and control infrastructure needed to obtain the same
level of reduction from larger commercial and industrial refrigeration. Dispatchable DSM can be
achieved via smart circuit breakers, control center communication with customer home energy
management systems connected to smart loads, or control center communication with AMI and
flexible loads. Common challenges of these technologies include lower maturity stages (relative
to ripple control) and a substantial need for new infrastructure and operations.

The potential impact of distributed energy storage on peak demand is difficult to quantify
without understanding the potential capacity that could be leveraged. Solutions that avoid

29

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



modulating or reducing end-use consumption include energy storage. Energy storage can be used
to reduce grid imports without affecting customer comfort, and this reduction will be additive to
any concurrent DSM investment made—e.g., ripple control plus energy storge do not leverage
the same resources, whereas ripple control plus SWH target the same end-use. Energy storage is
being deployed through South Africa’s REIPPPP, introduced in 2011 enabling capacity
procurements from independent power producers. Because of the energy crisis declared in
Spring 2023, the previous licensing threshold for distributed energy generation of 1 MW was
increased to 100 MW. This has allowed municipals to procure increased DER capacity
independently.

2.2.3 Non-dispatchable Demand-Side Management Opportunities

Non-dispatchable technologies cannot be directly controlled to meet immediate system needs,
but many of the non-dispatchable technologies listed in Table 9 have the advantage of low
barriers to implementation, i.e., mature technologies with little additional infrastructure required.
These include efforts to replace appliances for more energy efficient models, or load-shifting
alternatives such as those listed in Table 9. Mass rollouts of such appliances can have an
immediate impact, while subsidies, incentive-based programs, and the dissemination of
information via product labeling will require consumer engagement and may be adopted more
slowly as new purchases gradually replace existing appliance stocks.

Unlike efforts to introduce more energy-efficient or load-shifting appliances, AMI requires a
significant investment in new assets but has the potential advantage of enabling many of the
dispatchable technologies described previously. For instance, AMI can enable the interval
pricing required to motivate charging storage heaters at night after peak hours, and AMI is
prerequisite to smart-meter-based dispatch signals from centralized control. Historically, AMI
and time-of-use (TOU) pricing reduces peak load by 0.5-2%, which would equate to 60-250
MW from the commercial and residential sectors of South Africa. AMI, however, has additional
benefits of improving insight into situational awareness of the distribution system, such as being
able to evaluate losses. Losses in the residential and commercial sectors account for 2,200 MW
of the peak demand; AMI rollout could provide an opportunity to reduce this loss or characterize
root causes. The main benefits of AMI typically come from reducing labor costs for manual
meter reading and general efficiencies related to billing.

Non-dispatchable DSM through communication programs is also examined. Wireless emergency
alerts pushed to mobile phones can be used to issue voluntary requests for customers to decrease
energy use when the system is under stress. The United States has implemented a nationwide
program for emergency alerts [64], [65] that is used to issue warnings to mobile phones for
emergencies including natural disasters, missing persons, and shelter-in-place alerts. More
recently, in California and New York, the system has been used to issue power system alerts
calling for a reduction in electricity consumption. This emergency alert program is led by the
U.S. Department of Homeland Security and represents a multi-agency effort that has matured
since its inception in 2012. For its use in California and New York [66] for the power system, the
system achieved peak demand reductions of 1.5-4%. Such a system has many benefits that
extend beyond reliable electricity service, but it requires leveraging services from wireless
providers, a secure gateway to handle and push alerts, and new operations including regular
testing. Customers will need to have purchased mobile devices that are programmed to receive
emergency alerts. The impact of such alerts may depend on the frequency of use because of
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customer habituation; it is suggested that the alerts be used rarely and may not be suitable for
frequent alerting and or requests for customer response.
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Table 8. Non-dispatchable End-use and Energy Efficiency Technologies to Reduce or Shift Load.

Technology

Maximum Peak Aggregate Potential Reduction (MW)

Estimated
Readiness Level

Heat Pump (HP)
for Space
Heating

Residential
400-525 MW
Commercial
673-875 MW

Assumption: It is estimated that heat pumps can result in a load reduction of 50—65% compared
to electric space heaters [67]. Assuming a maximum potential of replacing the entire space heating
stock with heat pumps (808 MW for residential, 1,346 MW for commercial), the maximum peak
aggregate reduction would be 400-525 MW for residential and 673-875 MW for commercial.
Changes in usage of heat are not considered in this estimation, but such changes could be
attributed to the rebound effect in deploying more efficient technologies. Heat pumps may be used
more frequently because of their lower cost of operation once deployed, which may increase the
total energy consumption—reducing the potential reduction estimation here. Barriers to heat pump
deployment include the large upfront capital costs for customers. Most houses in South Africa
would need to install a heat distribution system, e.g., ducted air, underfloor radiating, or water/oil-
filled radiators. Heat pumps are a mature technology with commercial systems available in the
marketplace. The high upfront capital costs, and relatively short heating season duration in South
Africa, are barriers for their uptake.

Mature
Deployment

Timeframe for
rollout: 1-5 years

Heat Pump
Water Heater
(HPWH)

Residential
1,343 MW
Commercial
200 MW

Assumption: Total existing hot water heater load for the residential and commercial sector
during peak hours are 2,005 MW and 299 MW, respectively. Electric water heater load represents
the largest peak load of the residential sector and has a high peak-to-average ratio. Replacing
electric water heaters with heat pump water heaters would represent significant savings for
residential customers in terms of electricity consumption. We assume that a heat pump would
consume roughly one third of the electricity consumption that an all-electric water heater would.
Replacing the entire population of electric water heaters with heat pump water heaters would give
a maximum peak load reduction of two-thirds of the current hot water heater load for the
residential and commercial sector. Barriers to deployment include the large upfront capital cost of
installing a heat pump water heater; however, these are much more likely to break even given
year-round hot water use, compared to the short heating season for heat pumps for space heating.

Mature
Deployment

Timeframe for
rollout: 1-5 years

Solar Water
Heater

Residential
2,005 MW

Mature
Deployment
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Estimated

Technology Maximum Peak Aggregate Potential Reduction (MW) Readiness Level
Commercial
299 MW Timeframe for
Assumption: SWH have already been deployed in South Africa as an alternative to traditional rollout: 1-5 years

electric resistive hot water heaters [68]. SWHs can significantly reduce electricity consumption, and
for seasons/times-of-day with sufficient solar resource can be the sole source of hot water.
However, SWHs have an auxiliary electric heater to supplement solar thermal gains during cold
weather days. Estimates have shown that solar water heaters reduce household electricity
consumption from between 40 and 60%. The challenge of using solar water heaters are the high
upfront capital costs of installing the system. However, once installed they will reduce customer
electricity consumption and provide a resilient form of heating in the event of load shedding. The
peak reduction of solar water heaters is challenging to quantify, particularly because on cold days
that drive the system peak it is more likely to use the auxiliary heating element.

Energy Efficient Residential
Lighting 996 MW Mature
Deployment
(LEDs) Assumption: LEDs can reduce electricity consumption to 35% of that of CFLs, and end-use
reports for household surveys indicate that most households are using CFLs [69]. Although more
households may have incorporated CFLs since the 2020 survey conducted in Reference [69], a Timeframe for
rollout of LED bulbs could mirror the 2004 rollout of CFLs, which had a potential reduction of 1,950 | rollout: 1-5 years
MW [22].
Storage heaters Residential Mature
808 MW Deployment
Commercial
1,346 MW Timeframe for

Assumption: Storage heaters use electric resistive heating to store thermal energy in ceramic rollout: 1-5 years

bricks, allowing daytime thermal energy to be stored during the nighttime, shifting the daytime
electric heating load. Storage heaters have been deployed in Europe since the 1970’s to reduce
peak electric heating load and reduce reliance on fossil-fuel-fired heating. They require a financial
incentive to motivate charging these units during nighttime. This has typically been achieved with a
two-tariff meter—a meter capable of interval billing—enabling two-tariff billing (peak and off-peak).
For the entire residential sector and commercial sector to switch to storage heaters represents a
maximum peak load reduction of 808 MW and 1,346 MW respectively. Barriers to deployment
include upfront capital cost (although these may be lower than those for heat pumps) and the
requirement for a two-tariff or interval billing capable meter. Storage heaters are an inefficient
heating solution, and will increase the overall electric heating consumption, but can entirely shift
heating demand away from peak hours. Heat pumps far outperform storage heaters in terms of
efficiency; however, given the short heating season, the need to move consumption away from

33

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



Technology

Maximum Peak Aggregate Potential Reduction (MW)

Estimated
Readiness Level

peak hours, and the lower upfront capital costs, storage heaters are a solution that may offer
advantages.

Energy
efficient air
tightness/

insulation

The peak reduction for energy efficiency measures is difficult to quantify given the large range of
measures it can entail. Overall, it will equate to some percentage reduction of space heating load.
Air-sealing measures to reduce air changes from leaks is a cost-effective way to cut heating and
cooling costs, improve durability, increase comfort, and create a healthier indoor environment.
Properly insulated and designed homes would have benefits of providing warmth in the winter and
cooling in the summer (e.g., using awnings). Air sealing and insulation are mature technologies
that can provide energy and corresponding bill savings. The barriers to deployment are the high
upfront costs, which could be tackled through subsidized home-improvement and incentivize
programs. Low-income households are those that can least afford energy efficiency retrofits and
typically have the highest energy costs per square foot. Inefficient buildings typical of low-income
households lead to energy poverty because these customers pay greater percentages of their
disposable income on heating. Creating incentive schemes that allow low-income households to
overcome high upfront capital costs of energy efficiency programs (e.g., through energy-as-a-
service or pay-as-you-save models) can help incentive programs to reach those who need
assistance most, rather than providing financial assistance to affluent customers who may not

Mature
Deployment

Timeframe for
rollout: 1-5 years

need it.

Table 9. Dispatchable Demand Response Technologies and Corresponding Challenges and Opportunities.

Technology Maximum Peak Readiness Communications Equity Impact New Assets and New Operations
Aggregate Potential Level Required Infrastructure Required
Reduction (MW) Required
AMI Smart Meter Commercial and R&D Ethernet/Wi- If customers must Smart meters, Meter Data
Communication Residential hot water Fi/RF/Cell purchase and install compatible smart Management System
to Flexible Loads heaters: ; HAN, LAN, participating devices devices, control center
. Timeframe for NAN/FAN such as smart communications, and communication to
2,304 MW rollout: > 5 thermostats that can control system (e.g., dispatch load
Residential Pool Pumps: years communicate with a cloud-based). response
: utility operation center,
Smart Circuit 146 MW Operational Wi-Fi benefits may be limited | Smart circuit breakers Centralized dispatch
Breakers on Refrigeration: demonstrations HAN, LAN, to customers who can (some are equipped center with
Household 1.145 MW NAN/FAN afford such smart with met(_arin_g), communication_s to_
Circuits ’ loads. Dispatches communications, and remote smart circuit
Timeframe for could be issued with control systems (e.g., breakers.
Assumption: There are rollout: 1-5 both system cloud-based)
multiple end-uses that have years performance and
34

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.




Technology Maximum Peak Readiness Communications Equity Impact New Assets and New Operations
Aggregate Potential Level Required Infrastructure Required
Reduction (MW) Required
Wi-Fi or Zigbee varying degrees of flexibility Wi-Fi custqmer gquity In-home smart loads, Meter Data
Communications (h]?F wat?_r he?ter,d I HAN, LAN, con&derahons.:ay- communications Management System
ith Smart Loads | oo o ion 8undry, poo NAN/FAN as-you-save and. control center
Wi pumps). Enabling energy-as-a-service communication to
(Home Energy communications with these models could help dispatch load
Management with | devices allows for potential Operational provide a more response or
Utility interruption of consumption demonstrations equitable rollout for SerTI eEitens Wit

Communications)

during peak hours. This could
be achieved through smart
meter home area networks

Timeframe for

these solutions.

customer home
energy management
systems.

(HANSs) with flexible loads, rollout: > 5
smart circuit_bre_akers on years
household circuits on the
main load panel, or home
energy management
controllers with
communications.
Next-Generation Commercial and Expanding curre_nt None identified. Expansion of previous | Expansion of current
Ripple Control Residential Hot Water program: pgwgr-llne rlpple contro] Eskpm program or
Heaters: communication implementation addition Qf new
Modernizing the communications
2,304 MW program: smart infrastructure.
meters with Wi-Fi, Comeback load will
Assumption: Eskom HAN, radio need to be considered
currentls has-an ongoing communications, or and managed as
ripple control scheme with comblnlng with before.
. Mature power-line
approximately 400,000 communication
homes enrolled that achieves deployment

reductions of up to 200 MW.
Expanding this to the full
population could capture up
to 2,304 MW of potential
peak load reduction.
Currently technology could be
used or modernized to use
radio signals to a smart meter
and connected to a relay.
More advanced line voltage
communications, utilizing
customer Wi-Fi, or other HAN
set-ups could also be used.

Timeframe for
rollout: 1-5
years
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Technology Maximum Peak Readiness Communications Equity Impact New Assets and New Operations
Aggregate Potential Level Required Infrastructure Required
Reduction (MW) Required
Distributed Residential and None The high capital cost To motivate energy Distributed storage
Energy Storage Commercial Ownership for storage is a barrier | arbitrage, self- requires new metering
and/or Municipal for customer adoption. consumption, and and tariff structures
Ownership Dependent High-income energy shifting, and/or DER storage
customers who can residential and programs with
afford storage can commercial customers | measurement and
Assumption: Distributed receive the financial will require storage verification in addition
energy storage can be benefit of potentially tariffs and interval to new interconnection
customer owned or could be lowering levelized cost | bidirectional metering. standards.
owned and operated by the Mature of energy (LCOE)
municipal or independent deployment while fixed charges are

owner/operator. Currently,
there is little financial
motivation for customers to
own behind-the-meter energy
storage. Municipalities, such
as Cape Town, are starting to
invest in energy storage.
South Africa’s REIPPP has
enabled municipals to
procure DER capacity up to
100 MW independently
because of changes in
licensing procurement
thresholds.

Timeframe for
rollout: 1-5
years

leveraged on fewer
customers.
Municipality owned
storage can pass
financial benefits down
to all customers.

Table 10. Non-dispatchable Demand Response Technologies, Customer Demand-Side Management and Energy Efficiency Programs,
and Corresponding Challenges and Opportunities.

Technology/ Maximum Peak Aggregate Readiness Communications Equity Impact New Assets and New Operations
Program Potential Reduction (MW) Level Required Infrastructure Required
Required
AMI + Smart Residential Mature Metering Potential higher levelized Advanced metering Meter data
Tariffs Time- B deployment communication cost of electricity for infrastructure management system
of-Use Peak 43-172 MW ploy infrastructure consumers who cannot
Period Commercial afford to respond/shift
- " Timeframe for demand from peak hours.
Reduction 20-80 Mw rollout: 1 - 5 Tariffs could be designed
ea;rs considering potential equity
y impact and low-income
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Technology/ Maximum Peak Aggregate Readiness Communications Equity Impact New Assets and New Operations
Program Potential Reduction (MW) Level Required Infrastructure Required
Required
Assumption: AMI can bring multiple customers with high peak-
benefits, including more efficient to-average ratio
billing, energy efficiency through consumption. Providing
feedback reports, reduced meter- customers with information
reading costs, data for load growth and means on how they can
and forecasting, and use in outage reduce peak demand can
management systems. AMI can raise the level of peak
enable time-of-use pricing, for which reduction achieved.
peak period pricing can result in a
0.5—2% reduction in peak demand
for the population of participating
customers.
Mass Rollout None Rolling out new energy- None None
saving appliance subsidies
to high-income groups may
provide the largest load
Mature reductions. However, this
can come at the
Varies with technologies deployment disadvantage of investing in
included, see Table 8. electrification and appliance
Timeframe for adoption for low-income
llout: 1=5 communities. Rollout
Example: SWH, LEDs, and roflout: programs can focus on both
storage heaters are incorporated years reducing existing load (likely
into the program: hlgh-lpcome groups) and
i . ensuring that low-income
Residential groups adopt efficient
3,810 MW appliances.
Subsidies/ Commercial None Subsidy and incentive None None
Incentive 1,645 MW programs can suffer from
Programs ’ providing financial rewards
Mature to high income groups who
Although adoption rate may be deployment can afford to purchase new
gradual, impacts will be long EEAlEIIEES, ARl iz
’ . tools accelerate adoption,
lasting. Timeframe for they suffer from not equally
rollout: 1=5 dispersing benefits across
diverse income brackets.
YRS Pay-as-you-save and
energy-as-a-service
programs can provide more
equitable distribution of
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Technology/ Maximum Peak Aggregate Readiness Communications Equity Impact New Assets and New Operations
Potential Reduction (MW Level Required Infrastructure Required
Program
Required
subsidy and incentive
programs.
Distributed No Winter Peak Contribution None Barriers for low-income Metering Forecasting
PV Net- — groups may include high
Energy Low Summer Peak Contribution Upfront capital cost of PV
Metering Assumption: PV generation will Mature systems. In cases of large
Programs not be coincident with the system deployment PV installations driven by
winter peak contribution. municipalities,
and/or Feed- Although PV integration may - considerations must be
in Tariffs . ; Timeframe for made regarding funding and
alleviate energy consumption . i .
; . rollout: 1=5 the distribution of benefits in
and thus supply constraints, it ears the community. Community
will not directly reduce the peak y solar programs can provide
aggregate load. an equitable path for solar
deployment.
Information: System-wide reduction Cellular These will be voluntary Gateway from Roles and
i communications requests. These alerts can alerting authority to responsibilities
Mobile 315—1.260
Alerts / 5-1,260 MW be targeted to polygons broadcast, regarding who can
Emergenc Assumption: Wireless areas determined by cell message router, issue alerts will need to
Algrt y emergency alerts Ca”ing for . towers in the alert vicinity. If enablement on be determined.
Prog(:ams customer energy conservation Operational there are communities with customer devices. Wireless service
h resulted in a 1%—4% limited cellular network providers will need to
EMII o0 . infrastructure, this could limit be enlisted and meet
reduction of the peak load in Timeframe for participation and/or the technical and
California and New York. rollout: > 5 ability to target specific operational
Frequency of use may be a years localities. requirements for
concern in South Africa as it reliable program
benefits may be reduced by participation. Regular
customer fatigue. testing can be
performed.
Information: Consumer choice will impact None None Incentives or
Energy adoption rate, and the savings enforcement for
Efficiency impact will be partially supplying information.
Appliance determined by MEPS. Savings Operational
Ratings + are estimated to be 1.3% of o _
Energy Use | consumption over five years for a Timeframe for This will benefit households
moderate MEPS scenario [70]. ollout: 15 purchasing new appliances.
ut: 1—
Although the adoption rate may years
be gradual, impacts will be long
lasting.
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3 Dispatchable Smart Loads and Targeted Demand
Response/Load Shedding

In identifying the untapped potential of DSM in South Africa, the project team and stakeholders
(CSIR, Eskom, and SANEDI) chose to focus on the potential of dispatchable smart loads. This
section provides details on the potential communication network architecture, load-level
applications, a framework for selection of the protocol stack, and a targeted dispatchable smart
load application in load application in targeted load shedding.

In examining dispatchable smart load programs, the project team identified load shedding as a key
barrier for procuring additional demand response load reductions (because of customer fatigue,
double-counting of capacity, and so on). However, a broad rollout of dispatchable DR has the
opportunity to provide an alternative to the current load-shedding regimen. Creating a DR program
that enables customers to be load-shed-exempt is a key criterion because customers cannot
simultaneously participate in load shedding and DR programs’. Additionally, load shedding has
reached up to Stage 6 (6-GW load reduction); this level of capacity provision is extremely
challenging to achieve for most other traditional DR programs that may be based on one end use
and/or voluntary load reduction. Although DR programs can reduce the hours of load shedding
required by supplying a portion of that capacity, they will not eliminate the need for load shedding.

Load shedding has had a massive detrimental societal and economic impact in South Africa. Using
dispatchable loads to alleviate the impact of current load shedding practices is explored in this
section. Targeted load shedding (also referred to as “surgical load shedding” in the literature [71])
was identified as a DR program that could reduce the societal and economic impacts of load
shedding by providing a more equitable outcome, faster rotations of forced outages, and the ability
to isolate and keep critical infrastructure energized. This technology is described in more depth in
Section 3.5.

3.1 Network Architecture

This section details the network architecture options and technologies to enable dispatchable
loads. The architecture can cover communication from a centralized control center down to the
grid-edge appliance or customer-level dispatchable loads. Communication architecture and the
physical and network layers are presented in Figure 13.

Field area networks (FANs)/neighborhood area networks (NANs) can serve communication needs
from the distribution substation (and possibly control center) to the utility endpoints, i.e.,
customers. FAN traffic can then be aggregated at cluster routers and sent to wide area network
(WAN) routers. Ultimately, WANs support the core of smart grid communications, and WAN
technology will need to support the transmission of aggregated data from FANs/NANs over long
distances. This requirement dictates WAN architecture. FANs, which might include NANs, have
shorter communication paths, and less data on each path, creating other options for physical layer
selection. Each FAN or NAN might use two different technologies, which are described in more
detail in Section 3.4. Finally, home area networks (HANs) or building area networks (BANs) can

5 Current regulations require that 80% of demand on a feeder participate in a DR program to be exempt from load
shedding [1].
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manage devices at the customer premise. Alternatively, a specific device can receive signals
directly from the FAN/NAN, bypassing the need for a HAN. A HAN may provide improved
customer comfort but is an additional investment. The overall network can comprise multiple
physical communication layers.

Control
Center

* Utility DMS
e Transmission Control Center

due to voiwﬁ
data

Customer Load Level
Premise Network

= \
i 7 s Smart CB
BPLC Load control

Zighee retrofit
Ethernet Universal

WiFi Control Module
RF Mesh Smart Loads

Figure 13. Communication architecture from control center to dispatchable load, detailing WAN,
NAN, HAN, and technology options

In the case of AMI, meters communicate with a meter data concentrator (or collector) from the
customer premises through the NAN or possibly FAN (a neighborhood might have its own area
network because of its size or terrain, or a customer meter might connect directly to a FAN).
Meter data concentrators might reside at the substation or, in the case of power line
communication (PLC) as a physical layer of a FAN/NAN, at the secondary side of the
distribution transformer. The concentrators communicate with the head end at the control center
via the WAN.

3.2 Centralized Control

Many distribution-utility enterprise systems, such as meter data management systems and
distribution supervisory control and data acquisition (SCADA), are centralized at the distribution
center. Traditional load shedding, for balancing purposes, will begin with a dispatch from the
TSO to the DSO. The distribution control center then commands remote circuit breakers at the
feeder mainline. For targeted load shedding, the control center could dispatch customer premise
relays, smart circuit breakers, or AMI/smart meters. Customer selection for targeted load
shedding will occur at the distribution control center. Centralized control will allow for
algorithms prioritizing critical facilities, equity-aware algorithms that consider customer impact,
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and coordinated reenergization and dispatch. Individual customers will then be sent a signal over
the utility FAN. Depending on the size and topology of the distribution communication system,
these signals might be delivered directly to the customer premises or routed to a NAN that is
then connected to the customers.

3.3 Load-Level Applications

Dispatchable loads comprise both an end use to be controlled (e.g., water heating, washing loads,
and so on) and a means by which they are controlled (e.g., timers, remote turnoff, and so on).
The control can either be remote (e.g., controlling the energization of the device) or embedded
(e.g., smart thermostats/timers). Remote control can include relays, circuit breakers, and plug
timers; embedded control can include timers and other smart-enabled loads (see Table 11).

Table 11. Device-Level Controllers: Remote and Embedded Controls for Dispatching Loads

Device Description

Relay (remote) Electromechanical relays use a mechanism to move a lever to change
(open/close to deenergize/energize the relay) the position of electrical
contacts, which is actuated using an electromagnet. These relays have
been used in PLC ripple control, which adds audio frequency (100- to
2.4-kHz) signals that are picked up to energize or deenergize relays. In
South Africa, ripple control and relays have been used to dispatch
electric water heaters using PLC ripple control and electromechanical
meters.

Smart relays can use other forms of communication (e.g., RF, PLC,
cellular, and so on) to open or close relays and can include additional
ICT for programmable logic, measurement, logging, and data export
(real-time, interval transfer, and so on).

Smart circuit Customer-sited circuit breakers reside in the service entrance section to
breaker (remote) | the whole home and in the customer breaker panel/load panel, with
individual breakers on each household circuit (e.g., lighting, cooking,
plug-loads, hard-wired appliances, and so on).

The principal purpose of circuit breakers is to trip/deenergize the circuit
for overcurrent protection. Smart circuit breakers have communication
and programmable logic to receive a dispatch command to
trip/deenergize the circuit. These could be used either for the main
circuit breaker for the entire customer premise or for individual circuits.

Schedulable Schedulable loads typically have a programmable logic controller and
load/remote timer | user interface to either schedule the start time of an appliance (e.g., for
(remote/ a delayed start for washing machines/dishwashers/dryers) or for cyclical
embedded) operating times (e.g., for a water heater or space heating and cooling).

This control is usually embedded in the device, although it can also be
an external smart plug that controls (e.g., remote timer) when devices
are energized—either by an electromechanical timer (rotating gears,
electronic, or semiconductor timers).

Smart loads Embedded smart controls include smart thermostats for space heating
(embedded) and cooling systems, which can control operation based on occupancy,
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Device Description

preheat or precool buildings in advance of peak periods, or have energy-
efficient modes and dynamic schedules.

Home energy Home energy management systems (HEMS) and building energy

management management systems (EMS) can be used to control a suite of end uses,

system including space heating and cooling, hot water, and ventilation. These

(embedded and systems can communicate with sensors through a LAN or Zighee

remote) protocols and with the premise electrical smart meter to monitor
consumption.

Some devices are more suited to different forms of remote and embedded control as outlined in
Table 12. A major factor for the use of relays and smart circuit breakers is whether the end-use is
a plug-load or is hard wired. Water heaters, for example, are ideally suited for relays and smart
circuit breakers because they are hard-wired appliances. Space heating, although it accounts for a
major portion of residential energy demand and drives winter peak events, is poorly suited
because South Africa residential customers typically use portable plug-load space heaters—
meaning that customers can change the circuit to which these are connected. Pool pumps,
however, are typically hard-wired and so might also be suitable for use with relays and smart
circuit breakers.

Of the end-use technologies, water heaters stand out, both for the volume of energy consumption
they are responsible for and for their controllability given that they are hard-wired. Stove and
oven device control will heavily impact consumer comfort; lighting is highly distributed
(providing low device/kW response); similarly, cold storage and laundry use relatively low
amounts of energy. Outside the residential sector, commercial water heating and space heating
may be good candidates in terms of impact of the device per energy availability, and commercial
customers with large-scale refrigeration—unlike the residential customer—may be able to
provide a high device/kW response.

Table 12. End Use, Energy, and Potential Load-Level Controller for the Residential Sector

Load Energy Relay Smart Circuit | Schedulable Remote Timer
Breaker Load
Water heaters | 39% X X X X
Space heating | 16% [Plug-load, [Plug-load, [Plug-load,
multiple multiple multiple
circuits] circuits] circuits]
Pool pumps 11% X X X X
Stove and 7% X X N/A N/A
oven
Lighting 6% [Plug-load, [Plug-load, N/A N/A
multiple multiple
circuits] circuits]
Cold storage 5% X X x* x*
Laundry 3% X X X X
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The ability of end-use control devices (e.g., relays, circuit breakers, and smart thermostats) to
provide different communication capabilities—including measurement, verification, and end-use
control—is presented in Table 13.

Table 13. Communication Requirements, Measurement and Verification, and Multiple End-Use

Controllers
End Controller One-Way Two-Way Measurement | Multiple End-
Communications | Communications | and Use Control
Verification
Electromechanical relays X - - -
Smart relays - X (x) (x)
Smart circuit breaker - X X (x)
Smart thermostat (device - X X -
add-on)*
Smart schedulable load X X X -
(device embedded)
Smart EV charger (device | x X X -
embedded)*
Frequency-based end - - - (x)
controller (resistor divider
and Schmitt trigger)

3.3.1 Stacking Applications

When selecting a communication solution, it can be important to examine application stacking
(i.e., examining a communication network that could support multiple applications). When
designing for a single application, the required data rate, speed of response, and reliability may
motivate one outcome. However, it can ultimately be more efficient to develop a communication
architecture that can support future applications. Additionally, examining the capacity of existing
communication infrastructure to host new applications can be considered to avoid building
redundant networks. For example, if communications exist that enable distribution automation,
this network might also fulfill the requirements to support AMI.

3.4 Selecting Protocol Stacks: Physical and Network Layers by
Application and Power System Constraints

The process for designing a communication network for power system operations varies greatly
depending on the application, network size (number of endpoints), and network topology.
Physical constraints, such as the distances between nodes and surrounding terrain, can dictate the
physical layer of the communication system. Additionally, the required speed of response and
volume of anticipated data transfer will also drive design choices. A decision-making framework
is presented in Figure 14, including detailed descriptions of each major physical layer technology
Table 14 summarizes common physical layers, their primary features, and uses for consideration
in communication network design.
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Figure 14. Design methodology for the selection of common physical layers. Cost constraints and
benefits will vary by location. High data rate requirements may add constraints.

Galli et al. define high data rate as tens of kbps and greater [72]. Most sources consider AMI, AMR, and some
distribution automation to be low-data-rate applications.
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Table 14. Common Physical Layers in Smart Grid Communication: Defining Features and
Considerations in Selection for Network Design. Information Assembled from References [74]-

[78].
Physical Wireless | Cost Protocol Options* | Distance WAN/ Additional
Layer Limitations | NAN/ Notes
HAN (features,
latency)
PLC No Varies IEEE Std 1901, Tens of HAN/NAN | In recent
(broadband) HomePlug, ITU-T meters (this years,
G.hn 9960/61, ITU- | is rapidly broadband
T G.hn 9960/61 evolving) PLC has
LCP progressed
from a
technology
suited only to
the building
level to an
emerging
option for MV
networks.
Zigbee Yes Low SEP 1.0, SEP 2.0 | <100 m HAN/NAN | Designed for
(802.15.4) HANS.
Ethernet No Medium OpenADR, DNP3, <100 m HAN/NAN
(twisted- Modbus, SEP 2.0
pair)
(802.3)
Wi-Fi Yes Medium OpenADR, DNP3, | <100 m HAN/NAN | Suffers from
(802.11) Modbus, SEP 2.0 a lack of
reliability.
RF Mesh Yes Low/medium | 802.15.4 300 m-1 HAN/NAN | Operating
(802.15.4) km (node to costs may be
node) low, but there
must be a
workforce to
plan,
maintain, and
repair.
PLC No Medium IEEE Std 1901.2- <1 km NAN Low speed,
(OFDM/ (<WIMAX) 2013, PRIME, G3- high latency
narrowband) PLC, ITU-T G.hn (tens of ms);
9955/56 repeaters
required.
Ripple No Low NAN/WAN
control
Cell (LTE, Yes Medium > 100 km NAN/WAN | Cell coverage
5G) is typically
provided by a
third party:
network is
subject to
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Physical Wireless | Cost Protocol Options* | Distance WAN/ Additional

Layer Limitations | NAN/ Notes
HAN (features,

latency)
provider
infrastructure,
upgrades,
and
maintenance.

WiMAX Yes Medium 802.16 <50 km NAN/WAN

Fiber optic No High Ethernet 100 km NAN/WAN

(OpenADR, DNP3,
Modbus, SEP 2.0)

*Many protocol options that can run on top of the physical layers listed exist. Protocols listed here are some of the
most frequently used or recommended in the literature.
High data rate is typically considered to be greater than tens of kbps. AMR and AMI applications
typically fall in the category of low data rate requirements, but data rates depend on the number
of meters and the number of meter reads in a given period of time (see Table 15). In general,
application data rates depend on the number of devices and frequency of data transmission,
though reasonable assumptions can be made for these metrics.

Table 15. Communication system applications and data requirements

Application/Network Data Size or Data Rate

AMR 100-200 bytes per meter read [73]

AMI: On-demand (one meter) 100 bytes, <15 s [74]

AMLI: interval read 1600—-2400 bytes per meter read; varies with

readings per transmission [74]

AMLI: Pricing applications (e.g., broadcast price for | 100 bytes, <1 min [74]

RTP or CPP)

DLC (from utility to customer device) 100 bytes [74]

Service switch 25 bytes [74]

Distribution automation (volt/VAR, VR, 25-1000 bytes [74]

switching, fault detection, protection)

Substation automation ~12.75 Mbps (varies) [73]

PMU 6—24 kbps (varies with reporting frequency) [73]

HAN 1-100 kbps [74]

NAN/FAN 100 kbps—10 Mbps [74]

WAN 10 Mbps—1 Gbps [74]
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3.4.1 Power Line Communication

PLC technology has evolved considerably since its original, high-voltage, low-data rate
inception as a voice-carrier for internal utility use [79]. Current versions of PLC range from
narrowband to broadband; it can be used in low-voltage or medium-voltage systems and bypass
distribution transformers or pass through them with amplification [80]. Thus, PLC as a class of
technology can support many grid modernization applications at all areas of the network. The
appropriate type of PLC must still be selected for the application. Narrowband PLC can support
AMI billing use cases at a low data rate, but higher data rates might be needed for certain
applications of distribution automation [77]. Higher data rates for narrowband technologies and
broadband have been made possible with Orthogonal Frequency Division Multiplexing (OFMD).
Open standards for high-data-rate, narrowband PLC include Power Line Intelligent Metering
Evolution (PRIME), G3-PLC, and IEEE 1901.2 [81]. The latter includes LV and MV and
communication that passes through distribution transformers. In the case of targeted load
shedding, considerations can be made for the data rate that will be required to transmit a signal to
the maximum number of customers that would be dispatched at a given time.

Hardware considerations can be made to inform the system cost. PLC collectors must be
installed at every distribution transformer [77]. These collectors relay the AMI data from each
customer served by their respective secondary to the FAN, which may be PLC-based but can use
any of the physical layer options appropriate for FANs. Cost efficiency may then be determined
by the number of customers at each secondary. Although RF mesh requires a certain density of
nodes, PLC may require an even greater density of customers to become more cost-effective than
RF mesh.

3.4.2 Radio Frequency Mesh

RF mesh networks require a minimum density of nodes to maintain connectivity. They are best
suited to sufficiently dense areas but have been used in locations that are described as rural.
These networks can include data forwarding nodes that are installed to relay data between meter
and/or collector nodes. Nodes require a clear line of sight to the next hop for reliable
transmission, but the network can be considered “self-healing” because of its dynamic, redundant
(mesh) configuration. Effective data rates are reduced with an increasing number of hops in a
mesh network, so network size should be considered when determining whether RF mesh
technology can support the targeted application(s). Data rates can be increased with frequency
hopping. RF mesh is frequently used for AMI NANs [77] and has been used to implement
targeted load shedding [71].

3.4.3 Ethernet (Twisted Pair)

Ethernet typically refers to a twisted-pair wired connection but is technically a data link layer
protocol that can operate over many types of wired layers and even microwave. Here, we discuss
the relatively affordable twisted-pair technology. Ethernet benefits from ease of implementation,
being relatively simple to administer and maintain [82]. Ethernet is suitable for FANs and NANs
[74]. It can generally support the data rates required for frequent (sub hourly) AMI meter
reading, distribution automation, and customer internet access.
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3.4.4 Wi-Fi

Wi-Fi benefits from the flexibility and minimal material investment of wireless technologies. It
can be used at the FAN/NAN level and has been used in demand response programs. Wi-Fi is
considered one of the least reliable options because it is subject to interference [82]. Unlike RF,
which typically uses a dedicated band of spectrum in the 900-MHz range, Wi-Fi channels at the
2.4- and 5-GHz bands are open to public use—increasing the possibility of interference. Wi-Fi
communication can also result in higher power consumption and may not be ideal for many
embedded devices. Wi-Fi can be deployed in a mesh network like RF, but mesh Wi-Fi is a
relatively new technology that is not yet common. Wi-Fi can support similar applications to
Ethernet but cannot always meet the same reliability requirements.

3.4.5 Cellular

Cellular may be best provided through a network service provider (NSP). Private cellular options
vary by country, but, if available, costs can be shared with other agencies with similar mission-
critical communication needs. Cellular can be used for WAN or FAN/NAN applications and can
often reach remote customers or other endpoints when fiber optics or other wireless WAN
technologies cannot.

3.4.6 Fiber Optics

Fiber optics are widely regarded as state-of-the-art physical layer technology. Fiber offers the
greatest reliability and performance, given its high data rates of tens of Gbps, fast transmission
speed, and long-distance capabilities. Fiber-optic utility networks are often private, adding a
layer of security and predictable network traffic (avoiding congestion). It is also one of the most
expensive communication solutions. Therefore, fiber may be used in combination with other
technologies. It is often used for a utility’s WAN, where it can support the increased data rate
because packets are collected from many utility endpoints and gathered at data collectors in the
FAN/NAN before being transmitted over the WAN.

3.4.7 WIMAX

With a range of up to 50 km, WiMAX can be used for WANs and NANs/FANs. WiMAX is
more affordable than fiber optics, the other common WAN option. It is more limited in range and
has a substantially lower data rate of 75 Mbps but is sufficient to support a wide range of
applications. Utilities may already have licensed portions of the microwave spectrum. In this
case, WIMAX may be preferred because it can be used at no additional cost. In selecting any
WAN technology, a utility must assess the full range of applications a network needs to support
to determine data rate, reliability, and latency requirements.

3.4.8 Network Service Providers

Network service providers (NSPs) can be a cost-effective alternative to utility-owned
communication infrastructure. Different arrangements with an NSP can be available to support
the required communication reliability, speed, and security. The utility will benefit from
identifying these requirements for its targeted applications prior to engaging NSP services. DSL
is a prevalent but older technology that must be subscribed to through an NSP. It is suitable for
FAN-/NAN-level networks, but because of distance limitations of less than 7 km is not suitable
for WAN:S. Utility-owned communication infrastructure can also be combined with NSP services
to extend their communication network.
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3.5 Dispatchable Smart Loads Application: Targeted Load Shedding

In examining dispatchable load applications, a major barrier to their success in providing load
reductions is the ongoing energy crisis and the degree to which load shedding in South Africa
has already been implemented. The key problem is that enrolling a customer in a DR program
cannot exempt them from load shedding, given that load shedding is happening at the feeder
circuit breaker—providing no means to electrically isolate DR participating customers. This
makes it challenging to offer DR participation as an alternative to load shedding (for some large
industrial customers with dedicated circuits, this is possible). If customers participating in DR
programs are not exempt from load shedding, then some additional incentive would have to be
provided to encourage load reductions beyond those already experienced through load shedding.

Given that challenge, the project team decided to examine the potential of targeted load shedding
that could be part of an enhanced dispatchable load framework. Targeted load shedding refers to
implementing service interruption at a more granular level than at the feeder. Current load
shedding strategies in South Africa take place on the distribution system at breakers at the
substation. Most load shedding in South Africa is rolling blackouts, which are planned load-
shedding events because of a lack of available generation to meet demand.® This load shedding is
performed using remote circuit breakers at the feeder mains on distribution circuits; see Figure
15.

¢ Underfrequency load shedding in the event of system contingencies use underfrequency relays (load shedding
increases system frequency, so it is used only in contingencies in the event of an underfrequency event).
Underfrequency load-shedding relays are typically configured to shed an increasing percentage of system load the
lower system frequency nadir reaches in the event of a contingency. These devices are installed in distribution
substations. Because most load shedding that occurs in South Africa is scheduled load shedding or rolling blackouts,
we focus on targeted load shedding as an alternative to scheduled load shedding.
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Figure 15. Electrical single-line diagram of a substation, distribution feeders, service, and
customer meters. Load shedding is typically performed at the remote circuit breaker on the
feeder mainline, leaving the entire circuit deenergized.

Targeted load shedding can also be implemented downstream of the feeder circuit breaker, which
represents an opportunity to improve the situation in South Africa. Targeted load shedding can
be implemented on individual low-voltage networks (service remote circuit breakers), entire
customer premises (meter with remote turn-off or service entrance section breaker), or customer
individual circuits (smart circuit breakers) or at the appliance level (relays), as illustrated in
Figure 16.
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Figure 16. Electrical single-line diagram of a substation, distribution feeders, service, and
customer meters. Alternative options for devices that can provide targeted load shedding are
highlighted in blue.

Targeted load shedding at the customer premise can enable a scenario in which some customers
on a shared feeder or secondary are load shed while others on the same feeder contribute to DR
programs, enabling the system to benefit from DSM solutions while load shedding. This reduces
the capacity required from load shedding. When implemented at the customer premise, targeted
load shedding can use AMI meters equipped with remote turn-off and turn-on functions. Other
devices can be used, but AMI may already exist, or targeted load shedding may be a use case that
increases the motivation for an AMI rollout. For these reasons, targeted load shedding using
AMI can be cost-effective, particularly in South Africa where an AMI rollout is in its early
stages. There are further social benefits to targeted load shedding, including reduced outage
durations; faster, more reliable reenergization; and increased access to essential services during
outages.

The key goals of designing/identifying such a program were to examine the following:
e Potential large-scale capacity usage of targeted load-shedding schemes.
e Ability to isolate customers downstream of a feeder mainline breaker. This would enable:
(1) Spatial control in energization: Targeted load shedding could keep parts of a
distribution circuit/feeders energized, keeping critical loads online (e.g., medical
facilities, water treatment facilities and pumping, street lighting, and so on).

Keeping circuits energized also prevents the risk of theft of deenergized
distribution assets (e.g., conductors, transformers).
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(2) Rotational load shedding: Faster rotation of customer load shedding could be
enabled by targeted load shedding, ensuring that customers have shorter durations
where they are deenergized. This benefit, combined with Benefit (1), can reduce
the impact of load shedding on customers.

(3) Managing comeback load: Management of the comeback load (also known as
cold-load pickup) can be challenging. Currently, many South Africa municipal
circuits are old and cannot handle the volume of load that comes online after an
outage. This can trip overcurrent protection devices, challenging the ability of a
utility to restore service. Targeted load-shed schemes could avoid shedding entire
feeders and could stagger customer reenergization on the same circuit. NREL
aimed to answer the following questions to understand the potential benefits and
limitations of targeted load shedding:

o How can faster rotation of customers impact the individual customer experience
in terms of outage duration and total daily outage duration?

o Are there times during which customers must be load shed for longer durations to
meet system requirements?

o Can faster rotations result in decreased total outage time for each customer by
allowing for a more even distribution of load shedding across a population?

o How many customers enrolled would be necessary to have sufficient capacity in
a rotational targeted load-shed program?

o How do different outage durations impact cold-load pickup upon reenergization?

3.5.1 Analysis of the potential of targeted load shedding

To examine the potential of targeted load shedding and answer key questions about some of the
benefits to customers of shortening the duration of load shedding and increasing the rate of
rotation, we perform an analysis of different load-shedding strategies. Eskom Manual Load
Reduction (MLR) dispatch signals for 2022 and both total system load (contracted demand) and
system net load (residual demand) are used in the analysis.

3.5.1.1 Methodology

We disaggregate the 2022 Eskom system load into the key different load sectors (e.g.,
residential, commercial, industrial, agricultural, and so on). We also take the Eskom MLR signal
for 2022, which is used as the dispatched load-shedding profile. From the disaggregated system
load, approximations are made to establish customer-level profiles, so that customers can be
tracked for the duration that any individual customer experiences load shedding.

Load shedding is currently performed at the circuit breaker level, shedding entire feeders. We
approximate blocks of load to represent feeders in South Africa and notionally assign customers
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to these blocks of load.” This allows comparison of the ability to shed individual customers vs.
shedding feeders.

Cold-load pickup is the phenomenon of customer load increasing after the duration of an outage
event. This is the result of load forgone (e.g., customers having to delay activities with electrical
consumption—e.g., cooking); thermostatically controlled loads that stray outside of their
temperature deadband have coincident starts once load is reenergized (e.g., 20% of loads online
pre-outage, goes to 100% after) [83]. Cold-load pickup can be approximated by a function that
closely resembles a decaying sinusoid, with a rebound peak magnitude, and decaying load as
loads gradually desynchronize consumption patterns (e.g., thermostatically controlled loads can
be approximated by duty cycles that gradually desynchronize). Cold load pickup is modeled with
the following equation:

P(t) = Py(1 + A X e2/7 x cos(wt)) [Equation 1]

Where P(2) is the load after the start of a load-shedding event, Py is the initial load, Ao is the
magnitude of the pickup load, 7 is the time-step, 7 is the time constant of the pickup decay, # is the
time postoutage, and w is the periodicity of the comeback load decay. The magnitude of the

initial rebound pickup load can be described by:
_( toutage ) '

Ay = Arepouna X (1 — e \'saturation/)) [Equation 2]
Where Ao is the percentage value of the increase in load because of the load-shed event. Arebound
is the saturated rebound; i.e., this is as high as rebound can get because load rebound eventually
saturates with time. The saturated rebound is reached after tsaurarion, Where fourage 1s the duration of
the outage/load-shed event. The values selected for each constant along with the justification are
presented in Table 16.

Table 16. Constants Selected for Cold Load Pickup Model and Sources

Constant Value Notes
A ebound 0.8 (i.e., pickup From National Energy Regulator of South Africa
load is 180% of (NERSA) National Rationalized Specification
pre-load-shed (NRS) 048-9 [1].
event)
tsaturation 180 minutes*20% | This is the time to saturate to 20% of the

diversified preload value.

T 64 minutes This is the time constant for load decay, taken
from lhara and Schweppe [84].

w= 27t/-L- /32 rad/s This is angular frequency, which is the
periodicity of the load decay.

Figure 17 shows the results of the cold-load pickup model, examining the response level of the
pickup/comeback load as a function of the duration of the outage. As outages increase, the initial

7 One block is approximately 1,045 residential customers and 7 commercial customers, or 6.8 industrial customers.
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magnitude of the comeback load increases, saturating to a maximum comeback load after
approximately 180 minutes.

—— 15 minutes
30 minutes
— B0 minutes
= 120 minutes
180 minutes
— 240 minutes

MW

0 20 40 &0 80 100
Minutes

Figure 17. Load after reenergization following outages of different durations. In this example, the
original load Po, is 5 MW.

In modeling cold-load pickup for many blocks of customers at a time, Po of Equation 1 was
equal to the load of the dispatched blocks. The added load of reenergization, is the difference
between P(?) and the original load data Po. In practice, reenergization of feeders or load blocks
could be staggered in time, reducing the magnitude of cold-load pickup. These results therefore
demonstrate a worst-case scenario of simultaneous reenergization for all scenarios.

3.5.1.2 Results

Modeling results are organized by the research questions they address, which are introduced in
Section 3.5. Analyses that do not explicitly address the effects of cold-load pickup do not include
modeling of cold-load pickup and demonstrate only the effects of reduced outage durations and
scheduling. Cold-load pickup is examined in isolation to understand along with implications of
increased frequency of deenergization and reenergization.
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How can faster rotation of customers impact the individual customer experience in terms of
outage duration and total daily outage duration? Are there times in which customers must be
load shed for longer durations to meet system requirements?

This research question is addressed by identifying metrics that describe the impact of load
shedding to the customer in terms of the continuous length of time that they are without power.
Targeted load shedding can benefit customers by reducing this burden. Here we quantify that
impact with the Customer Average Interruption Duration Index (CAIDI). CAIDI is calculated
with the following equation from IEEE Standard 1366-2022 [85]:

Y. Customer Minutes of Interruption
CAIDI =

Total Number of Customers Interrupted

CAIDI can be thought of as the average outage duration a customer experiences and the average
service restoration time.

As rotation durations are specified in the load-shedding model, CAIDI is expected to reflect this
and roughly equal the rotation duration. Deviations may occur if blocks of customers are
scheduled for back-to-back slots of load shedding or if the MLR signal decreases and few blocks
need to be dispatched to meet the load-shedding requirements. The impact of specifying different
rotation durations on CAIDI can be seen in Table 17.

Table 17. CAIDI for Different Rotation Durations During July 2022

Rotation Durati
otation Duration 15 30 60 120 180 240
(minutes)

CAIDI (minutes) 15 30 70 99 116 126

Although CAIDI represents the average outage duration, Figure 18 shows the distribution of
outage durations experienced by customers for each specified rotation duration. In all cases,
there is a possibility of a block being scheduled for two consecutive slots of load shedding, as is
the case in the current load-shed schedules. The model was designed this way to provide a closer
comparison to current load-shedding practices. As the rotation duration decreases, back-to-back
scheduling decreases. Assumptions were made about the reenergization of blocks when the MLR
signal changes within a scheduled time block: The MLR signal can change hourly, so the
dispatched load can be changed hourly; i.e., if a block is shed and is scheduled for a 2-hour slot,
but MLR decreases in the next hour, that block can be reenergized. An alternative approach is
that if a block must be shed at any time in a 2-hour slot, it is shed for the entire 2 hours. This
would increase CAIDI and total daily outage durations for all scenarios. In reality, this will
depend on scheduling and how the distribution control center chooses to manage load-shedding
dispatch.

Because the 15- and 30-minute rotation duration cases assume that the MLR can decrease within
an hour—and that blocks can be dispatched or reenergized on a more frequent basis to meet that
load-shedding requirement—these scenarios result in reducing the total number of customers that
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must be shed at a time to meet the MLR signal. This contributes to fewer instances of customers
being shed multiple times in a row. See Figure 16.

leb

0.25 hour rotation duration
0.5 hour rotation duration
1 hour rotation duration

2 hour rotation duration

3 hour rotation duration

4 hour rotation duration

Frequency

]
s
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Figure 18. For different rotation durations, customers experience different outage durations. The
length of outage durations experienced is shown for each rotation duration modeled.
Can faster rotations result in decreased total outage time for each customer by allowing for a
more even distribution of load shedding across a population?

More frequent rotations can more evenly distribute the outages across a population. Intuitively, if
rotation durations are shorter, they are shared between more customers. This can be seen in
Figure 19: 4-hour rotations result in many customers who are shed for hours a day and many
who experience less than half an hour on average. As the outage durations decrease, the
distribution of typical daily outage time becomes narrower: Service interruption can be more
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evenly distributed throughout the population.

Mean Total Daily Outages Experienced by Each Block
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Average Total Outage Time per Day (hours)
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Figure 19. Histogram of the mean total nonconsecutive hours of outages experienced by each
load-shed block in July 2022. As the duration of load-shedding rotation decreases, the disparity in
the average total outage time experienced by customers per day decreases.

Maximum daily outage information for each rotation duration modeled is presented in Table 18.
With more frequent rotations, the most cumulative (nonconsecutive) service interruption that
customers experience in a day decreases. Customers are less likely to experience upwards of 6
hours of outages in a single day.
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Table 18. Averages of the Maximum Cumulative (i.e., Nonconsecutive) Hours of Service
Interruption in a Day Experienced by Each Block of Customers for Different Rotation Durations

Rotation Duration 0.25 05 y > 3 4
(hours) : ’

Average Maximum

Daily Outage (hours) 4.09 4.40 6.15 6.44 6.23 6.38

It should be noted that distribution of outages can be influenced by scheduling independent of
rotation durations. A dynamic queueing algorithm—in which, if a block is shed, it is then moved
to the end of a queue so that it is not shed again until every other block has had its service
interruption—can ensure a more equal distribution. However, such dynamic scheduling requires
centralized control that retains memory of which blocks were shed when. It also results in less
predictability for customers, who may prefer to know when service interruption will occur and
schedule their own livelihood and businesses accordingly. Lowering the risk of any individual
customer experiencing more frequent, longer outage duration may be preferential for some load
sectors (e.g., residential), whereas other load sectors (e.g., commercial and industrial) may prefer
advanced predictable scheduling—even at the risk of an inequitable outcome.

How many customers enrolled would you need to have sufficient capacity in a rotational
targeted load-shed program?

As mentioned previously, if rotation durations are shorter, outages must be shared by more
customers. To meet the MLR signal in 2022, the load allocated (275,000 blocks of customers,
ranging from 0.47 MW to 1.15 MW each) is sufficient in all scenarios modeled. If rotations are
more frequent and more distributed across a population, it is possible that more customers could
be impacted during a given load-shed event. It is challenging to describe the change in the
number of customers impacted by each load-shedding event: There are many times during which
load shedding continues for days or even weeks (e.g., MLR is in constant use from June 28, 2022
from 5:00 a.m. to midnight on July 15, 2022), so it can be misleading to describe load shedding
as a discrete event at these times. Instead, statistics can be provided on the number of customers
impacted during a particular window of time when load shedding occurs. Table 19 shows the
increase in customers or blocks impacted within a 4-hour period for rotation durations less than 4
hours. For example, in the case of 15-minute rotations, 1.8 to 9.9 times the number of feeder
blocks will be dispatched to meet the same demand as a single feeder block that is dispatched for
4 hours.
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Table 19. Ratios of the Amount of Demand Dispatched in a 4-Hour Period for Each Rotation
Duration vs. the Amount of Demand Dispatched for 4-Hour Rotation Durations

Rotation Maximum Minimum Mean Increase in | Median Increase
Duration (hours) | Increase in Load | Increase in Load | Load (ratio) in Load (ratio)
(ratio) (ratio)
0.25 9.9 1.8 5.3 4.8
0.5 7.9 1.5 4.0 3.6
1 3.9 0.7 2.2 2.2
2 2.6 0.6 1.6 1.5
3 2.6 0.6 1.5 14

For outage durations less than an hour, fewer customers may experience outages during a 15-
minute window of time. Table 20 shows that as few as 30% of the same number of feeder blocks
can be dispatched with 15-minute rotations compared to 4-hour rotations. This is because the
model interpolates the hourly MLR signal at a 15-minute resolution. In the 15-minute outage
duration scenario, there are times at which the MLR signal is less than the hourly signal. This has
implications for real-world implementation: If load shedding could be dispatched to meet the
system needs on a more granular basis (i.e., reflect the 15-minute demand rather than the hourly
demand), the amount of load shedding dispatched could more accurately reflect the demand that
must be dispatched. Fewer customers would need to be load shed to meet system needs.

Table 20. Ratios of the Amount of Demand Dispatched in a 15-Minute Period for 15-Minute and 30-
Minute Rotation Durations vs. the Amount of Demand Dispatched for 4-Hour Rotation Durations.
For Durations of an Hour or Greater, There Is No Change Because the Dispatch Can Change on an
Hourly Basis for 4-Hour Rotation Durations.

Rotation Duration | Maximum Minimum Mean Increase in | Median Increase
(hours) Increase in Load | Increase in Load Load (ratio) in Load (ratio)
(ratio) (ratio)
0.25 24 0.3 1.0 1
0.5 1.9 0.5 1.0 1

The ratios in Table 20 can change with different scheduling strategies. A scheduling algorithm
designed to distribute the load shedding as much as possible would result in a larger ratio, while
a schedule that targeted the same portion of the population in a particular window of time
(perhaps because of customer preference, due to incentives or desire for predictability) would
result in a lower ratio.

How do different outage durations impact cold-load pickup upon reenergization?

Cold-load pickup from the synchronized reenergization of customer premises results in load
changes shown in Table 21. The maximum amplitude of the comeback load increases with the
rotation duration (or duration of service interruption) until the rotation duration exceeds 3 hours.
This is because of the 3-hour saturation time selected in the model (see Section 3.5.1.1). More

59

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



devices become synchronized as the duration of service interruption increases until this
saturation point. Because these devices are now synchronized, they can also be expected to turn
off more in-phase after the pickup event, resulting in the temporary decrease in load shown in the
minimums in Table 21 (see Figure 17 for context).

Table 21. Descriptive Statistics of the Change in Load Because of Cold-Load Pickup During July
2022 for Different Rotation Durations

R°tat2ﬁgu'3r:)’ ation | paximum (MW) Minimum (MW) | Median (MW) | Mean (MW)
0.25 1862 123 133 247
0.5 3073 736 0 170
1 4451 -1069 0 88
2 5047 1213 0 58
3 5374 21292 0 42
4 4642 1115 0 32

Average increase in load because of cold-load pickup is greater for shorter rotation durations.
Plots of the load with and without cold-load pickup show that for the shorter rotation durations
(Figure 20 through Figure 23), the next instance of reenergized load occurs before the cold-load
pickup impacts have settled. Figure 17 shows that the settling time is typically greater than 60
minutes in all cases.
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Load on July 4, 2022: 0.25 hour rotation durations
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Figure 20. Load on the day of maximum load shedding—July 4, 2022—with different load-
shedding blocks dispatched and reenergized every 15 minutes. This frequency results in
continuous impacts of cold-load pickup as new blocks of demand are reenergized before the cold-
load pickup from the previous block has settled.
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Load on July 4, 2022: 0.5 hour rotation durations
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Figure 21. Load on the day of maximum load shedding—July 4, 2022—uwith different load-
shedding blocks dispatched and reenergized every 30 minutes.

Load on July 4, 2022: 1 hour rotation durations
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Figure 22. Load on the day of maximum load shedding—July 4, 2022—with different load-
shedding blocks dispatched and reenergized every hour.
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Load on July 4, 2022: 2 hour rotation durations
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Figure 23. Load on the day of maximum load shedding—July 4, 2022—with different load-
shedding blocks dispatched and reenergized every 2 hours.

In comparing the 3-hour and 4-hour rotations, it is observed that both the minimum and
maximum change in load because of cold-load pickup is greater in magnitude in the case of 3-
hour rotations. This is explained by comparing Figure 24 and Figure 25. In the 3-hour case
(Figure 24), service is interrupted at the peak demand at 6:00 p.m. This results in a large
comeback load, the magnitude of which is a function of the demand at the time the load was
dispatched (see Equation 1). In the 4-hour case (Figure 25), dispatch signals occur on either side
of the peak load, avoiding a maximized comeback load.
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Load on July 4, 2022: 3 hour rotation durations
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Figure 24. Load on the day of maximum load shedding—July 4, 2022—with different load-
shedding blocks dispatched and reenergized every 3 hours. At 6:00 p.m.—the peak demand
interval—a new cohort of demand is dispatched. This results in a large amount of comeback load
when the cohort is reenergized at 9:00 p.m.

Load on July 4, 2022: 4 hour rotation durations
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Figure 25. Load on the day of maximum load shedding—July 4, 2022—with different load-
shedding blocks dispatched and reenergized every 4 hours.
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3.5.2 Aggregators

Many of the communication architectures and much of the dispatch and control outlined in this
section may also enable aggregator capabilities. Initiatives to increase aggregator participation in
the South Africa power system can benefit from considerations of infrastructure required for
dispatchable DR (e.g., smart metering can enable measurement and verification of response from
aggregator dispatch). Although a third-party aggregator may not have the situational awareness
required for implementation of load shedding of entire customer premises, direct load control of
specific devices can leverage the same or similar technologies. Aggregators that use direct load
control to operate demand response assets will require many of the communication network
components described previously in this section.

In addition to the infrastructure already outlined, a central management system to coordinate load
dispatch and reenergization and manage measurement and verification is required for aggregator
provision of targeted load shedding. Requirements for aggregator DR services will vary with the
specifics of implementation and type of demand-side and distributed generation being dispatched
(e.g., distributed energy resource management system [DERMS] is required for distributed
generation). DERMS specifications will vary with the type of aggregator (sole-source, third-
party, or utility) and the makeup of the participating DER fleet, which are described next:

* Sole-source vendor: Sole-source vendor (e.g., inverter manufacturer) provides vendor-
developed cloud solutions that typically rely on customer Wi-Fi for communication and
local inverter metering for measurement and verification.

* Aggregators and DER gateways: Aggregators are responsible for communications with
many diverse vendor technologies, with communication established locally through a
hub/DER gateway. The aggregator will work with DER vendors to establish
communications and can be a third party or the distribution utility.

Establishing interconnection standards/common communication protocols is critical to enabling
the aggregation of DERs and customer resources. In the utility connection process, it is critical to
ensure that DERs are compliant with future standards to enable DERMS (e.g., IEEE 2030.11),
secure communication protocols (e.g., those specified by IEEE 1547-2018, which uses SEP 2.0,
DNP3), and DR communication protocols (e.g., OpenADR).

3.5.3 Future Considerations

Different scheduling algorithms can impact nearly all the results presented in Section 3.5.1.2.
Scheduling can impact the distribution of service interruption across a population as well as
change the amount of load (number of people) dispatched to meet the MLR signal. Dynamic
scheduling algorithms can be the fairest (distributing outages equally) but require a centralized
system to execute. Other drawbacks include a lack of predictability, which may be counter to
customer preferences. Furthermore, “fairness” defined simply as “equal distribution” does not
account for a heterogeneous customer base. Different customers will have different preferences
(such as predictability); some may be impacted more severely impacted (such as those depending
on life-sustaining electrical equipment), and others may benefit the community if they are able to
maintain power (such as hospitals, community centers, or even grocery stores). Advanced
scheduling algorithms will need to be investigated to better understand the potential for targeted
load shedding to improve customer wellbeing.
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The results presented in this section do not capture the geospatial benefits that targeted load
shedding introduces. By introducing geospatial diversity in power outages, there is potential to
reduce the social burden on those impacted by load shedding. As mentioned previously, if
outages are reduced for customers providing essential services to the community, everyone
benefits. Customer benefits of more granular outage control can be measured with metrics such
as social burden, i.e., access to services. Energy justice can be evaluated by examining
relationships between community characteristics (e.g., census data) and outage data associated
with location. Such analyses can inform equitable considerations by identifying disproportionate
impacts on women or customers of other historically marginalized groups. This requires data that
are sufficiently granular to capture community diversity and outages for particular communities.
Power system models that include asset locations or connectivity can also provide information
about system wear and tear, which could be reduced if load shedding is distributed across many
feeders.
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4 Targeted Demand Response Implementation Plan
Considerations

This section outlines high-level requirements and considerations to implement a smart
dispatchable load pilot program, a summary of which is provided in Table 22. Considerations
focus on implementing a targeted DR or load-shedding program at the customer premise level as
described in Section 3.5. Many of the considerations made in this section could also be applied to
any direct load control application. The basic architecture outlined for direct load control and
two-way communications could be extended to support additional use cases (e.g., aggregators,
virtual power plants, flexible interconnection, and so on).

4.1 Location Requirements

Targeted DR or load-shedding programs are best piloted on a single distribution feeder.
Multiple—i.e., two to three—feeders could be targeted to provide greater diversity of customer
classes (e.g., residential, commercial, industrial). The targeted DR can be used as an alternative
to load shedding for the study duration. It is assumed that the area selected serves a load level so
that a failure to adhere to timely dispatch of targeted load shedding will not have detrimental
system impacts. Feeders can be selected that serve critical infrastructure that would benefit from
exclusion during load-shedding events (e.g., medical facilities, water pumping, and other critical
infrastructure). Meshed networks may add a layer of complexity that can be addressed after a
pilot demonstration, therefore radial feeders should be considered for the initial pilot. Feeders
should be part of an AMI rollout. Targeted AMI load shedding can be considered a stacked
benefit of AMI and can be planned for as AMI is rolled out in South Africa. The use of AMI for
traditional billing purposes and targeted load dispatch can be cost-effective if they are combined.
Feeders can be operated by Eskom distribution or a municipal distribution operator.

4.2 Customer Selection

Mixed customer types, reflecting residential, commercial, and industrial sectors, will be
advantageous. Customers can be surveyed to identify preferences for scheduling and outage
duration. Residential, commercial, or industrial customers may have different preferences for
targeted load-shedding schedules; e.g., an industrial customer might prefer an advanced-notified
8-hour window of shedding to isolate impacts to a single shift. Residential customers may not
place the same value on the ability to anticipate an outage and prefer shorter but less predictable
outages. This will allow for deeper investigation into more advanced scheduling options that
improve customer satisfaction and wellbeing. Possibilities for introducing incentives or
remuneration for volunteered load reduction (i.e., increased frequency and magnitude) could be
explored. Considerations for equity impacts are critical in this work because equitable
opportunities for program enrollment can be balanced with the possibility that financial
incentives can trigger the most vulnerable customers to shoulder a disproportionate amount of
outage burden. Targeted load shedding could enable isolation and exemption of critical
infrastructure (e.g., medical facilities, infrastructure needed for power system restoration, water
treatment plants, and emergency responders).
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4.3 Partner Selection

This pilot requires the cooperation of multiple partners. Because this work involves planning and
hardware installations at a distribution feeder and coordination of load-shedding demand
reductions, both Eskom and a municipality/metropolitan distribution operator (including
potentially Eskom distribution) must be involved. Eskom distribution has recently run a pilot
program for smart meter load limiting that has many similar features to targeted load shedding,
including their lessons learned; potential scaling of that program would be beneficial.

Although many different devices can be used to provide targeted DR/load shedding (e.g., smart
relays, circuit breakers, etc.), AMI meters have the greatest potential in terms of providing
stacked benefits. AMI rollout is already underway in South Africa, and targeted load shedding
through AMI can be an additional benefit of this technology. An AMI vendor to support AMI
remote energization, particularly with respect to head-end software and ensuring sufficient
communication bandwidth, is a key requirement (additional details provided in Section 4.4).
Certified electrical contractors and installers and a communication network provider are also
required. The communication network architecture has the option to be dedicated utility
bandwidth and be used for additional utility communications and control (e.g., SCADA, DMS,
DERMS).

4.4 Technology Requirements

The partners mentioned previously must support communication architecture and hardware
integration. The communication architecture, latency, and bandwidth design will need to be
designed to meet the minimum network traffic requirements (i.e., maximum volume of meters to
be simultaneously dispatched, required response time, data transfer, etc.) for this application. If a
communication network already exists, it will need to be assessed to ensure that it can support all
required applications sharing the network. Of critical importance is the head-end meter data
management system (MDMS) that will be used to dispatch the meters. Although remote turn-off
of smart meters is a well-established technology, the software to remotely dispatch meters is
nascent. Sections 3.1-3.4 describe the communication infrastructure selection in depth and can
be used to guide preliminary identification of appropriate network technologies given targeted
applications.

The AMI technology selected will need to have remote service turn-off and turn-on capabilities
(i.e., the service disconnect switch), which is standard in most systems for billing
noncompliance. Load-limiting meters, as recently implemented by Eskom, could be an
alternative to full meter disconnect. Individual meters will need to be sufficiently responsive that
the service disconnect can be remotely dispatched; ideally, meters will respond within seconds of
receiving a dispatch signal. The actual meter itself would remain energized while the customer
premise has been disconnected and deenergized.

4.5 Data Requirements

Measurement and verification of load reduction from targeted load-shed dispatch will quantify
overall success, and minimum data resolution and fidelity will need to be established. Principal
means of quantifying the response would be through time-series AMI measurements and
validated at the feeder head through distribution SCADA measurements at the substation. These
data can verify response to load-shed dispatch and reenergization signals and verify adherence to
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disparate customer preferences. For this pilot, customer load data will need to be measured at
least twice the frequency of the minimum outage duration; e.g., if 30-minute rotations are being
implemented, 15-minute data measurement intervals are required. Feeders that already have
SCADA implemented may be ideal for pilot validation.

Survey data can also be collected before and after the pilot to understand customer preferences
and experiences as part of the program. If the pilot is sufficiently long, surveys can be conducted
midtrial, and feedback can be incorporated during the pilot. Having a pretrial survey would be
valuable to baseline customer experiences under the existing load-shed regimen.

4.6 Duration and Season

This pilot could cover a period of operation that lasts 3 months at a minimum, with 1 year being
ideal. This period can include the winter season when the most load shedding occurs. This will
ensure testing of the pilot system at a time when its capabilities will be enlisted with greatest
frequency. This will expose the novel technology implementation to a reasonable amount of
stress in the form of frequent and realistic dispatches.

4.7 Regulatory Frameworks and Policy Considerations

Any implementation of load shedding will need to be consistent with NERSA’s NRS 048-9 [1].
Critical considerations include verification that load is dispatched and reenergized rapidly
enough to comply with NRS 048-9. Timely notification to customers of load-shed events will
still be required, even with targeted load-shedding schedules that are potentially more variable
and dynamic. Any implementation of load shedding shall still adhere to real-time operational
reporting requirements to the Eskom control room.

4.8 Equity and Gender Considerations

Energy equity objectives can be clearly defined in advance of the pilot implementation. In
Section 3.5.1, metrics and expected outcomes for customer impacts are introduced. These
include average daily cumulative outage durations, CAIDI, and distributions of outages over a
population. Increased frequency of outage rotations can result in decreased daily service
interruption time, decreased CAIDI, and more equal outage distributions. These metrics can be
tracked during the pilot, and analyses that determine disproportionate variations in these metrics
by customer demographics can be performed to address equity concerns. Examples of metrics
that can be measured and studied to ensure that disproportionate impacts are avoided include the
following:
e Access to essential services during outages (i.e., social burden [86], [87])
e Outages experienced by different customer classes (e.g., residential, commercial,
industrial)
e Outages experienced by different socioeconomic groups (e.g., living standard measures,
income brackets)
e Number of people experiencing outages (as opposed to households)
e Number of customers with disabilities or life-sustaining medical equipment experiencing
outages
e Outage numbers and durations parsed by gender (e.g., by women-owned businesses)

69

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



e Reliability of the electricity during the evening peak in the residential sector and its
impacts on household cooking

Research shows that electrification can improve gender equity by increasing women’s
employment opportunities [80], education, quality of life, and safety [89]. Although little work
has been done to investigate gender disparity in the impacts of load shedding in South Africa,
data in the pilot studies could be collected to understand the impact of decreased outage
durations and social burden on customers of different demographics. Targeted demand response
can be scheduled to consider reduced impact across different demographic groups.

Customer preferences for scheduling, as described in Section 4.2, can be accounted for in this
pilot, although it should be noted that these preferences may be shaped by preexisting inequities.
For example, cheaper electricity or compensation to be load shed first can result in a tendency of
lower-income customers to enroll in these programs. The result is that the most vulnerable
population may incur more service interruption that could exacerbate already existing levels of
inequity. Any load-shedding implementation will need to carefully account for this possibility to
avoid the exacerbation of such inequities. In selection areas for the targeted load control pilot, a
baseline for the area(s) will need to be established. To measure socioeconomic benefits for
historically disadvantaged communities, an area in which current load-shedding practices impact
the community via economic hardship or burden in the form of access to technologies or services
could be selected. Appropriate data collection, in the form of socioeconomic survey data, census
data, and geospatial data for residences and essential services will need to be established.

Table 22. Summary of Implementation Plan Requirements and considerations

Implementation Considerations

Where e One entire feeder is the minimum requirement

e Must be excluded from traditional load shedding during program
e Serves critical infrastructure

e  Suburban, radial feeders

Who: Customers e Customers from residential, industrial, and commercial sectors

o Customer preferences for scheduling surveyed

e Critical customers that benefit from being isolated

Who: Partners e Implementation partner (municipality/metropolitan distribution

utility or Eskom distribution)
e AMI vendor
e Installers
o Certified electrical contractors

o Communications vendor
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Implementation Considerations

When e Implementation for a full year will provide an opportunity to

examine customer impacts through all seasons and load-shed
stages

e Implementation for 3—6 months during times of greatest load-
shedding dispatch will provide data to assess system
implementation at the highest volume of network traffic and
greatest customer impacts

What: Technology e Communications

o Communication network architecture that supports
targeted AMI load-shed dispatch and reenergization

e Customer premise hardware:
o AMI with responsive remote turn-off and turn-on

e Head-end AMI MDMS capable of orchestrating remote dispatch
of meters

How: Data Requirements e Per-customer data (from AMI) must be available at a frequency of

twice that of the minimum outage duration (Nyquist frequency) for
measurement and verification

e Distribution SCADA data on a feeder to validate response

How: Policy and

; ¢ Implementations must adhere to NRS 048-9
Regulation

How: Energy Equity e A priori considerations for disproportionate customers impacts:
o The data to measure these impacts must be collected,
including demographic data, customer type data, and
outage data that can be tied to customers

o Metrics include CAIDI, maximum outage duration per
customer, and daily cumulative outage duration

4.9 Laying the Foundation for Aggregators

Many of the baseline technologies (e.g., AMI, communication networks) provide key enabling
functions that are required to unlock aggregator participation in the market. Customer incentives
to participate in demand response can either be through dedicated utility incentive programs or
provided by opportunities to participate in the wholesale market through demand-side
aggregators. Liberalized energy markets are a key enabler for the participation of third-party
aggregators in wholesale markets; however, utility aggregators can still be introduced to
regulated markets. The UK’s Demand Flexibility Service has implemented a program in which a
third party has provided the market interface (i.e., bidding, dispatch, measurement and
verification, and settling) for aggregators to participate in the wholesale market. The Federal
Energy Regulatory Commission (FERC) recently issued an order (FERC Order 2222) that
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describes the requirements for utilities to meet that will enable DERSs to participate in the
wholesale market [90].

This pilot can be an opportunity to identify roles and responsibilities for the distribution system
operator (DSO) in coordinating aggregated demand response with the transmission system
operator (TSO). Full aggregator market participation have many technical and regulatory
requirements and will require the participation of multiple stakeholders, including demand-side
entities, DER developers, owners, and operators, DSOs, market operators, and TSOs [91], [92].
TSO and market operators will need to both create a market and operational framework for
aggregator and DSO participation to enable receiving bids, issuing dispatch, and receiving M&V
data from aggregators. The DSO will ultimately need to have some form of visibility of, or
issuing of constraints to, aggregators for dispatch and operations to ensure that distribution
network constraints are not violated in service of transmission system objectives (e.g., dispatch
that could erode load diversity, which is fundamental to distribution system design). The DSO
must have the visibility necessary to determine safe operating conditions and be given the ability
to override any aggregation dispatch if these conditions cannot be satisfied. The TSO must be
able to depend on aggregations that bid into any market. Roles and responsibilities of the
aggregator, TSO, and DSO must be defined to ensure safe and reliable DER aggregation
operation.

Looking ahead to future applications of targeted load control and the communication architecture
supporting it, consideration can be made for the emergence of aggregators. Successful operation
of an aggregation of distributed energy resources including demand response via direct load
control will require two-way communications to devices that make up the aggregator fleet. These
communications may be similar or the same (shared communications) as those installed for this
pilot. Also critical is the interconnection standards that utilities use in connection agreements for
DERs; recent key standards include IEEE 1547-2018 [93] and IEEE 2030.11 [94] that lay the
foundation for grid support functions and communication requirements for DERs. Setting clear
expectations and requirements for services offered by aggregators—such as energy, capacity, or
ancillary services—is critical to establishing communication architectures that will provision
these system services. These requirements will inform technical specifications such as data rate
and communication latency and coordination with transmission and distribution system operators
to ensure safe and reliable operation and adherence to grid constraints.
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5 Conclusions

This report has explored how demand-side management (DSM) can provide benefits in terms of
alleviating the impacts of the current electricity crisis, achieving energy efficiency gains, and
providing enhanced demand-side flexibility and control. Enhanced demand-side flexibility also
aids the integration of variable renewable energy resources. DSM programs provide customers
with benefits through energy efficiency and corresponding bill savings. This report has explored
a multitude of DSM programs and identified multiple untapped opportunities in South Africa.

Load shedding remains a major challenge for South Africa, and although critical measures such
as load shedding are needed to maintain power system supply and demand, current load shedding
programs have numerous downsides beyond customer service interruption. Current drawbacks
include large economic impacts, the deenergization of entire communities for up to 4 hours,
limited means of isolating critical infrastructure, the risk of theft of deenergized equipment,
additional wear and tear to electrical equipment from frequent switching, and challenges of
managing comeback load. Targeted demand control (either targeted load reduction or targeted
load shedding) presents a major opportunity as an alternative to load shedding. Properly
implemented, targeted load control can keep critical infrastructure energized, reduce theft by
deenergizing customer premises only (not the network itself), reduce outage durations and more
equally distribute outage durations, and help manage the comeback load. The potential use of
smart meters to provide grid-edge control for targeted load control was explored and has also
recently been piloted by Eskom in a smart load limiting control scheme. Two-way
communication and leveraging targeted demand control through smart metering could provide
multiple stacked benefits in terms of enabling net metering for solar, flexible loads, and time-of-
use tariffs for energy efficiency and peak load reduction.

Future work for the implementation of targeted demand control can include a pilot to examine
the real-world considerations for the requirements described in this report. Diversity in
distribution systems can lead to diverse solutions for preferred communication network
technologies. Additional modeling can provide deeper understanding of geospatial effects and
advanced scheduling considerations. This can inform expected customer impacts when customer
heterogeneity or preference is considered, including providing lessons for equitable
implementation, improving social burden via access to essential and community resources, and
providing more precise results for physical benefits such as reducing cold-load pickup and
electrical asset wear and tear.
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