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abstract

Due to difficulties in accessing detailed energy modelling and usage data that are required to

estimate energy needs that are responsive to local circumstances, we propose an equivalence

scale approach to the determination of required energy consumption. Our method requires

the estimation of energy equivalence scales that are used to rescale reference household

energy consumption and, thus, yield household-specific energy requirements. We apply the

method using readily available income and expenditure data, finding that estimated required

energy is well above actual energy expenditure for low- and middle-income households,

which is consistent with an expectation that basic energy needs for poor households may not

be met. The proposed approach is general enough to incorporate other features that might be

deemed relevant and available in other settings, and, therefore, can be used to examine the

affordability component of SDG 7, undertake energy poverty analysis or design appropriate

policies.
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1. INTRODUCTION

Energy consumption is different from many other consumer goods, because it is often considered

a basic need (Welsch and Biermann, 2017); its satisfaction is necessary for an acceptable quality

of life. Furthermore, modern energy services, such as electricity and liquefied petroleum gas are

instrumental for most of human basic needs (Chakravarty and Tavoni, 2013). However, energy

consumption contributes to household expenses, and (especially) when households are income-poor,

energy consumption may be compromised for other purchases. These concerns underpin Sustainable

Development Goals (SDG) 7 – which seeks to “Ensure access to affordable, reliable, sustainable and

modern energy for all” (United Nations, 2021). In other words, there is a concern that a non-negligible

proportion of the world population is not able to purchase enough reliable energy for their needs,

and are, therefore, energy poor. However, the determination of energy poverty, like any measure

of poverty, requires an estimate of “need”. For example, Boardman’s (1991) energy poverty ratio

requires "theoretical energy expenditure" or "required energy expenditure", which are measures of

need. Intuitively, required expenditure focuses on the acquisition of adequate energy services (Liddell

et al., 2012).1

Despite its intuitive appeal, or maybe because of it, as well as the fact that it cannot be

observed, adequate energy services, and thus, required energy consumption (REC), are open to debate

and interpretation. Three approaches are widely applied in the literature to measure required or

adequate expenditure. One option models energy demand following engineering methods, which

are based on detailed domestic energy usage (in kWh), appliances and/or building characteristics

information. For instance, the United Kingdom’s (UK) Building Research Establishment Domestic

Energy Model (BREDEM) (BRE, 2015) requires extensive engineering calculations localized to the

country to account for dwelling characteristics and energy usage; such data is not widely available,

if at all, in many countries. Papada and Kaliampakos (2018, 2020) suggest a stochastic model

for required energy estimation founded on the UK’s BREDEM. However, their research does not

account for household heterogeneities that affect need. Another option is to conduct a purposive

survey incorporating the relevant aspects of energy usage (Ntaintasis et al., 2019); however, such

1In the literature, energy poverty is widely used to emphasize the lack of access to modern energy services in developing
countries (Li et al., 2014), although in some instances it is also applied in developed country studies (e.g. Okushima, 2017;
Kyprianou et al., 2019; Robinson, 2019; Bednar and Reames, 2020). Fuel poverty tends to refer to the affordability of energy
in developed countries, especially in Europe (e.g. Boardman, 1991; Liddell et al., 2012; Legendre and Ricci, 2015; Heindl,
2015), and the U.S. (Mohr, 2018). Energy insecurity is also often used to describe the similar situation in the U.S. (Hernández,
2016; Memmott et al., 2021). In this paper, we talk about energy poverty as it covers both the lack of access to modern energy
services and the lack of affordability of energy services.
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surveys are expensive to conduct, and, therefore, difficult to replicate widely. A further approach

uses actual energy expenditure, instead of required (Heindl, 2015; Legendre and Ricci, 2015; Mohr,

2018). Although actual expenditure is expected to capture localized conditions and differences across

households, it is unlikely to correctly capture need, because some households will reduce energy

consumption to fulfil other needs. We are not aware of any method for the determination of required

energy consumption that: (i) is underpinned by readily available data, (ii) accounts for household

heterogeneities, (iii) captures localized conditions and (iv) incorporates relevant aspects of energy

usage.

In this paper, we propose such a method for estimating REC – a necessary parameter for

the analysis of energy poverty. Our method is especially useful, when detailed engineering energy

modelling and usage data are not available, as is the case in most developing country contexts. Instead,

it is based on household expenditure surveys, which are collected nearly everywhere for the purpose

of determining consumer price indexes and, thus, inflation. The method is also flexible enough

to incorporate additional information about households, including information that correlates with

household energy expenditure, as well as additional features that researchers or policymakers deem to

be relevant, assuming such information is available. Specifically, we use semiparametric regression

- a nonlinear multivariate regression - to incorporate a range of both household characteristics and

energy usage factors. Finally, since the data is based on observed behaviour, it is able to capture

localized information, such as that related to the weather.

Since the proposed approach makes use of widely available income and expenditure data

and can be estimated from multivariate regression, it offers: (i) a clear and viable option for those

interested in designing policies to meet SDG 7, (ii) a method that can be applied by those interested in

energy poverty and policy analysis in otherwise limited data settings and (iii) a method that can be

applied similarly across a variety of countries for comparability purposes. We apply the approach in a

case study of South Africa to gauge its reasonableness finding intuitive, and, therefore, reasonable

results. In particular, we estimated REC for low- and middle-income households to be well above

actual energy expenditure. This result is intuitively appealing, because South Africa is an unequal

country, where poverty is rife (Leibbrandt et al., 2016); thus, we would expect poor households to

require more energy than they are currently using.

The remainder of this paper is organised as follows. Section 2 provides an overview of the

existing literature in this field. Section 3 describes the methodology for required energy consumption

modelling. We discuss the South African case study in Section 4 and present the results and discussion
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in Section 5. Section 6 concludes.

2. LITERATURE REVIEW

When it comes to required household energy consumption for energy poverty measurement, the

literature incorporates a range of ideas. For example, the low-income-high-cost (LIHC) indicator

(Hills, 2012) uses an energy consumption threshold determined by required household energy costs.

Household required energy is underscored by engineering models of energy use that incorporate

building specifications, such as insulation levels, heating systems, geographical location of the

dwelling and construction type (BRE, 2015), amongst other things. Taking advantage of detailed

dwelling and household information provided by the English Housing Survey (DCLG, 2009), the

BREDEM calculates total household energy requirements for space and water heating (to meet defined

standards), energy for lights and appliances (including requirements for pumps, fans and electric

showers, and energy generated by renewables) and energy for cooking (BEIS and BRE, 2018). Once

required energy usage has been determined, it is multiplied by the relevant energy price to derive

required energy expenditure. Thus, required energy expenditure is often underpinned by detailed

knowledge of the building stock and its energy efficiency (Rademaekers et al., 2016).

However, BREDEM is sensitive to the values of multiple parameters. Herrero (2017) shows

that actual energy expenditure is well below (BREDEM) modelled energy expenditure, even in higher

income deciles. Such results imply that wealthy households in the UK are energy poor, which is

difficult to reconcile with its developed country status. These results also suggest that overestimation

of household energy requirements is possible under the BREDEM model, limiting its value and

generalizability in application. Furthermore, accessing such information may be problematic in many

circumstances, especially in developing countries.

Similarly, Papada and Kaliampakos (2018, 2020) develop a model for Greek energy

consumption taking into account all domestic energy uses (space heating, space cooling, electricity-

cooking-lighting and domestic hot water), although it ignores a number of differences that exist across

households, such as housing quality and the number of household members. Although that concern

is partially addressed by Ntaintasis et al. (2019), who consider floor area, type of residence, age of

residence, energy prices and annual specific electrical and thermal energy consumption required

across different types of Greek residential buildings, their research is built upon their own survey, and,

therefore, may be difficult to replicate in many developing country contexts.

The aforementioned REC models are relatively complex and require extensive data, or
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expensive data to collect. Apart from these difficulties, one must also address household heterogeneity,

such that different types of households can be reasonably compared. Incorporating heterogeneity,

as we do through the equivalization of household energy consumption, is uncommon. In the case

of energy poverty, it is often ignored or assumed to be the same as income equivalence (Herrero,

2017; Hills, 2011). For example, Legendre and Ricci (2015) apply the OECD-modified income

equivalence scales to adjust household income for the energy poverty ratio calculation, but there is no

equivalization of energy expenditure.2

As acknowledged by Hills (2011), the OECD-modified scales do not reflect how energy

requirements vary between households. Instead, Hills (2012) proposes an alternative underpinned

by three years of the English Housing Survey.3 Hills’ equivalization factors are calculated from

ratios between median required household energy expenditure within different household groups and

median required energy expenditure in two-adult households. Heindl (2015) estimates German energy

poverty rates using this median-to-median ratio scale; however, the scales are used to equivalize actual

energy expenditure rather than required, which, even in a highly developed country like Germany are

not observed. Even though actual expenditure is not expected to capture need, these ratio-to-ratio

scales, which represent an adjustment factor, offer one convenient way to deal with heterogeneity.

Conceptually, our approach is most similar to Hills’s (2012) equivalization factors, although

we offer further generalizations and improvements. In most developing countries and even in many

developed ones, clear estimates of energy need are not available; thus, rescaling actual expenditure

makes sense. However, a median-to-median ratio, especially one that treats children and adults as

equivalents, misses out on the fact that it is more than just the number of people in a household

that determine need, even in a place as homogeneous as Germany. For example, domestic energy

requirements vary with climates and regions (Pachauri and Spreng, 2004; Charlier and Legendre, 2019;

Berkouwer, 2020) and housing energy efficiency (Boardman, 1991), as well as energy using appliances

and living space (Ntaintasis et al., 2019). Thus, the ratio scale we develop below, more carefully

controls for household heterogeneity, and, therefore, should allow researchers and policymakers in

different locations to tailor the approach for locally relevant circumstances.

2The OECD-modified scale, first proposed by Hagenaars et al. (1994), assigns a value 1 to the household head, 0.5
to each additional adult member, and 0.3 to each child (under 14 year-old). A brief description of the equivalence scales
used by the Organisation for Economic Co-operation and Development (OECD) is shown in www.oecd.org/els/soc/
OECD-Note-EquivalenceScales.pdf.

3According to BEIS and BRE (2018), the UK’s equivalization factors are based on three years of required energy costs
data from the English Housing Survey (using the 2008, 2009 and 2010 datasets). The combined three year weights were used
to arrive at the final equivalization factors. During the calculation, adults and children are treated equally in the equivalization
of modelled bills - that is, a household with two adults and two children are treated the same as a household with four adults. In
addition, the equivalization factors are not intended to be reviewed on an annual basis.
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3. MODELLING REQUIRED ENERGY CONSUMPTION

Our approach takes two steps. In one step, we estimate an energy equivalence scale. In the other,

we determine household required energy consumption. Our required expenditure estimate is the

equivalence re-scaled reference (or reference household’s) actual energy expenditure; thus, reference

energy consumption is scaled up (or down), depending upon the household’s equivalence factor,

which we refer to as Λ𝑖 to denote that it can differ by household.

3.1 Energy equivalence scales

Equivalence scales arose in welfare analysis in order to compare household well-being, although

such scales are not perfect (Pollak and Wales, 1979). One common scale is the per capita scale; for

example, country welfare is often inferred from gross domestic product (GDP) per capita comparisons.

However, per capita income or expenditure comparisons ignore household economies of scale, the

notion that some goods and services consumed by the household have public good characteristics,

which offer benefits for household members apart from the primary consumer (Nelson, 1988). Electric

light in a room is one such example (Lazear and Michael, 1980), as it can be shared. Sharing goods

and services decreases the per capita cost of maintaining living standards (Nelson, 1988). Thus, the

proportionate increase in energy expenditure for these services is less than the increase in household

size (i.e. number of household members), although how much less should be examined within the

relevant context.

The impetus for equivalence scales comes from Engel (1895), who argues that since richer

households spend a smaller share of the household budget on food, the share of the household budget

allocated to food is a reasonable measure of household welfare. An Engel income equivalence scale,

derived from this argument, is defined as the ratio of two household incomes: each having the same

food budget share, but each having different household sizes and structures (Lewbel and Pendakur,

2008). Typically, a single-person adult or two-person adult (no children) household will serve as the

reference for the welfare comparisons.4 For our analysis, we assume that household welfare can be

proxied by the share of the budget devoted to energy consumption; in Figure 2, we show that the

energy share is also decreasing in income, as Engel (1895) argued was true for food. Therefore, we

believe it is reasonable to follow the share comparison approach.

4Nicholson (1976) argues, however, that Engel income equivalence scales are likely to overestimate the cost of a child,
because they do not treat child goods separate from adult goods and because child costs, especially when young, are primarily
food costs.

Copyright © 2018 by the IAEE. All rights reserved.
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Scale estimation methodologies have been developed over decades and, as implied by the

previous discussion, typically limit the focus to household size and age composition, i.e., the number

of adults and children in the household; however, much work remains. We extend that focus, because

the public goods nature of energy will be affected by the household’s technology and circumstances.

Therefore, as we describe below, analysis characteristics go beyond household adult-child composition.

Our methodology also indirectly imposes two further constraints on energy shares. Firstly, shares, by

definition, are expected to lie in the unit interval: a household can neither spend more on energy than

they spend in total nor should they be paid to consume energy.5 Second, equivalence scales should be

base-independent (Pendakur, 1999).6

Empirically, base-independence requires the relationship between the budget share and (log)

total expenditure to follow the same shape, allowing for either vertical or horizontal translations

or both. To impose base-independence, we consider a variation on and extension of the nonlinear

model proposed by Yatchew et al. (2003) more recently applied by Koch (2018), although with a

specific focus on catastrophic health expenditures. We modify the method to focus attention on energy

expenditure, rather than food expenditure, and we extend it through the introduction of additional

controls related to household circumstances and technology, which could include the weather, the

state of housing and ownership of domestic appliances, to name a few. Borrowing from Yatchew et al.

(2003), our estimation is founded on equation (1), which equates household 𝑖’s energy expenditure

share to our reference household 𝑟’s share. The point of the equation is to find Λ𝑖 , which is determined

indirectly. The solution is a ratio adjustment to household 𝑖’s total (ln) expenditure, such that the

shares would be equal.

An important feature of the model is that the first element of the coefficient vector - the

coefficient on ln 𝑥 in equation (1) - is equal to one. That is consistent with base independence and

clarifies the identification intuition. The goal of the analysis is to estimate how nonreference household

characteristics (𝑑𝑖
𝑗
on the right hand side of equation (1)) can be used to determine the household’s

5In South Africa, some households do receive subsidized electricity, which should also be counted as subsidized total
consumption. However, in some cases, the data is not clear, and, therefore, we are forced to remove observations that do not
make that disctinction clear.

6Base independence requires equivalence scales to be independent of the base level of utility (Pendakur, 1999); without
such an assumption, the scales cannot be empirically identified (Blackorby and Donaldson, 1993). Given an expenditure
function 𝐶 (p, 𝑣, d) , the relevant equivalence scale Λ, can be defined as:

Λ(p, d) = 𝐶 (p, 𝑣, d𝑖 )
𝐶 (p, 𝑣, d𝑟 ) ,

where p is the vector of prices and d is a vector of characteristics, described in the next section, and 𝑣 denotes utility. Therefore,
the equivalence scale is the ratio between the minimum expenditure to achieve utility for the household with characteristics d𝑖
and the minimum expenditure of achieving the same level of utility for the reference household with characteristics d𝑟 . In this
general form, the equivalence scale is a constant-utility, constant-price, cost-of-living index (Deaton and Muellbauer, 1980).

Copyright © 2018 by the IAEE. All rights reserved.
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expenditure scaling factor, i.e., equivalence scale. Therefore, if we allow for additional adjustments to

household expenditure (such as a separate parameter on ln expenditure) in the estimation routine,

we would not reach a solution and the model would not be identified. Despite that, we are indirectly

estimating an expenditure adjustment parameter – intuitively, it is a random expenditure parameter

that is correlated with a range of household factors.

𝑤(p, 𝑥𝑟 , d𝑟 ) = 𝑤(p, 𝑥𝑖 , d𝑖) + 𝜂(p) + 𝜀

= 𝑤

(
p,

𝑥𝑖

Λ𝑖 (p, d𝑖)

)
+ 𝜂(p) + 𝜀

= 𝑤

(
𝑥𝑖

Λ𝑖 (d𝑖)

)
+ 𝜀

= 𝑓

(
ln 𝑥𝑖 −

∑︁
𝑗

𝜆 𝑗𝑑
𝑖
𝑗

)
+ 𝜀.

(1)

In (1), p is the vector of prices, 𝑥 refers to total household expenditure, and d is a vector

of household characteristics. Λ𝑖 is the energy equivalence scale to be estimated for household 𝑖, 𝑑𝑖𝑗

denotes nonreference household 𝑖’s characteristic 𝑗 , 𝜆 𝑗 is the coefficient for characteristic 𝑗 in the

semiparametric model, and 𝜀 is an error term assumed not to be correlated with the other variables

in the model. We consider the likely effect of violations of that assumption following Dong (2010),

which we describe in Section 3.2. 𝑓 is a convolution of a reference group’s budget share function 𝑤

with the exponential function, while 𝜂 is the elasticity of the budget share with respect to the price of

energy. Unfortunately, we do not have information on prices, so we cannot incorporate price controls

in the model – this explains the model change from line 2 to line 3.7 In the last equality, we see an

unknown function ( 𝑓 ) of a linear index, which we estimate following Ichimura (1993). Given the way

it is estimated, shares will stay within the unit interval.

Since the function 𝑓 is not known, it will be estimated nonparametrically. Rather than using

difference procedures for estimation, as suggested by Yatchew et al. (2003), we make use of bandwidth

and leave-one-out cross-validation procedures, which are implemented via the np package (Hayfield

and Racine, 2008) for R (R Core Team, 2021).8 The log-linear index model within 𝑓 , as well as the

7Although it would be preferable to have price data, this is a common data limitation in many developing countries. We
also find, as described in Figure 2, where the curves are very close together implying minimal vertical or horizontal translation,
that our 𝜂 (p) = 0 assumption is not unreasonable for our analysis.

8In its simplest form, nonparametric analysis averages data within an interval of the data space, and that interval is referred
to as a bandwidth. As the bandwidth gets wider, more observations are used, and the average converges towards the full sample
mean. However, smaller bandwidths contain fewer observations, and the averages within those intervals are expected to be
more varied as well as more appropriate for the interval considered. Thus, bandwidth procedures trade-off the variability of the
smaller interval with the reduced mean bias offered from focusing on the smaller interval.
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binary nature of all of the control variables, which we describe below, yields equivalence scales that

can be easily calculated. The scale will be the exponentiated value of the sum of the estimates of

characteristics that differ from the reference household’s characteristics.9

Λ𝑖 (d𝑖) = exp
(
−

∑︁
𝑗

𝜆 𝑗𝑑
𝑖
𝑗

)
. (2)

3.2 Potential endogeneity

The final concern to be addressed is the potential for endogeneity, which would arise if any of

the included variables were correlated with variables that were not included. For example, total

expenditure would be endogenous, if it was measured with error or otherwise correlated with

unobservables that might influence household formation, which is our main concern.10

One approach to examining endogeneity in the nonlinear setting is to follow Imbens and

Newey (2009), based on a control function that requires both the estimation of a conditional cumulative

distribution function and an instrument. Koch and Tshiswaka-Kashalala (2018) apply this to estimate

the demand for contraceptive efficacy. Unfortunately, as noted in footnote 10, an instrument may not

be readily available in the data. Therefore, we follow Dong (2010), which is similar in spirit to Imbens

and Newey (2009), but does not require an instrument. Instead, it requires a continuous variable

with a large support - we use income. Importantly, we are not assuming income is an instrument that

meets the exclusion restriction, although we do assume it is correlated with our potential endogenous

variable (expenditure). Rather, identification comes from nonlinearity; the extent of the real number

line covered by income allows one to estimate the relevant nonlinear relationship.

Dong (2010) outlines a two-step procedure for addressing endogeneity within a binary

response or probability model; although equation (1) is not a binary response model, expenditure

shares lie in the unit interval, as do probabilities; thus, similar constraints apply to both.11 In the first

9 Characteristics are indicators, such as having a fridge or staying in rural area. For the analysis, we zero-out the reference
household characteristics. In other words, 𝑑𝑟

𝑗
= 0∀ 𝑗, such that, when adjusting for multiple household characteristics as

required by the model, we sum the estimates for all of the relevant characteristics 𝑘 (that are different from the reference
household characteristics) in (2). As an example, if there were two characteristics, 𝑗 = {1, 2} – for the reference household 𝑟
are 𝑑𝑟

1 = 0 and 𝑑𝑟
2 = 0, while the characteristics for a nonreference household 𝑖 were 𝑑𝑖

1 = 0 and 𝑑𝑖
2 = 1 – the scale would

simply be Λ = exp(𝜆1 · (𝑑𝑟
1 − 𝑑𝑖

1 ) + 𝜆2 · (𝑑𝑟
2 − 𝑑𝑖

2 ) ) = exp(−𝜆2 ) .
10In earlier versions of this research (Ye et al., 2020), a linearized version of the model is also estimated, following Deaton

(1987), which made it possible to apply two-stage least squares, using income as an instrument for expenditure. However, if
endogeneity is driven by omitted variables that are correlated with total expenditure, those variables could also be correlated
with income, such that income may not be an appropriate instrument. Thus, the heteroskedasticity instrumental variable
procedure (Lewbel, 2012) was also considered, as a robustness check. In the linear setting, very limited evidence of endogeneity
was uncovered - results available from the authors - and, more importantly, the effect of correcting the endogeneity made very
little difference to the resulting scale estimates.
11An extensive literature has built up around the application of binary response models to shares; see, for example Papke
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stage, a control function is estimated. In the second, the control function is incorporated into the model

of interest, represented by equation (1). The control function is the regression error arising from the

nonparametric regression of (ln) expenditure on (ln) income and all the other controls in equation (1).

In the second step, Dong (2010) semi-parametrically estimates the binary response model following

Klein and Spady (1993), where the second stage model includes the control function. Other than the

fact that we have shares, rather than binary responses (probabilities), such that we estimate Ichimura’s

(1993) continuous version of Klein and Spady (1993), the approaches are identical.

For estimation in the first stage, we follow Li and Racine (2004) and Racine and Li (2004)

in estimating a local linear regression with continuous and both ordered and unordered categorical

variables. Estimates are implemented by the np package in R. We apply an epanechnikov kernel for

the continuous variables and the Li and Racine (2007) kernel, which is an extension of Wang and van

Ryzin’s (1981) kernel that works well for both ordered and unordered discrete variables. As discussed

in numerous places, the bandwidth is more important than the kernel (Li and Racine, 2007). Thus, we

apply least squares leave-one-out cross-validation to estimate optimal bandwidths (Li and Racine,

2004). We then use the bandwidths to fit the regression and extract the residuals, which are used as

the control function in the second stage. Code in R for all of the analysis is available from the authors,

upon request.

3.3 Reference energy consumption

Once the scale is determined for a household, it is used to determine their required energy expenditure.

Required energy consumption becomes the equivalence rescaled reference energy consumption, as in

𝐸𝑅,𝑖 = 𝐸̄𝑏 × Λ𝑖 , (3)

where 𝐸𝑅,𝑖 is the required energy consumption for household 𝑖. As already discussed, the equivalence

scale, Λ𝑖 , adjusts for household attributes relative to the reference household.

In determining a reference energy requirement, 𝐸̄𝑏, our goal is to find the energy consumption

necessary to maintain a reasonable living standard. We assume that many analysts do not have access

to the sort of heating, cooking and household efficiency data that would be used in, for example, the

BREDEM. Instead, we assume that they are likely to have access to energy expenditure data, along

with some appliance ownership information and a few other relevant pieces of data, such as total

and Wooldridge (1996).

Copyright © 2018 by the IAEE. All rights reserved.
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income or expenditure, that are likely to correlate with energy consumption.

Although our method adjusts for the age and composition of household members, as well

as many other items, we still require a reference for adjustment. Thus, we must define a reference

household size, structure and living standard. For our purpose, we assume that a reasonable standard

of living requires access to or use of electricity, and cooking with modern energy sources, i.e., the

main energy source for cooking is either electricity from the grid, gas, or solar energy. We further

assume that a reasonable standard of living requires cold food storage and the ability to communicate

and be entertained. We also allow for differences across dwelling size (using small size living space as

the reference), urban/rural locations (using urban-formal households for the reference), and differences

in weather (spring and fall are the reference).

Thus, our reference households are single adult households that stay in a formal urban area,

have access to or use electricity, cook with modern energy sources, own a refrigerator or freezer,

have the ability to communicate (a cellphone) and entertainment options (such as a television (TV),

radio or satellite TV). These reference households live in a small sized dwelling (between 30 and 59

𝑚2), which is in line with South Africa’s National Building Regulations: the floor of any permanent

building that is used as a “dwelling house” must be no less than 30 𝑚2.12 Rao and Min (2018) also

use 30 𝑚2, as it is recognised in at least a few national standards for public housing. Finally, in South

Africa, the weather is generally mild to warm, while piped water access for each dwelling is often a

luxury; furthermore, hot water may not be provided through individual geysers (electric water heaters),

especially in apartment buildings. Therefore, we neither require geysers in our reference household nor

adjust the equivalence scale for it, although we do use it to control for energy expenditure differences

across households. We also set our reference using spring and fall, which are less extreme than

summer and winter.

Even with the preceding reference rules, expenditure by these households covers an extensive

range; thus we also need to define a reference energy expenditure level (to be rescaled). We use the

75𝑡ℎ percentile of the energy expenditure distribution for the reference households in the sample.

We label this value 𝐸̄𝑏, even though it is not the mean. We describe our percentile choice in the

following section. However, the choice of consumption percentile and reference household attributes

are expected to depend on the analyst’s circumstances, as well as data availability.

12See http://www.sans10400.co.za/size-dimensions-room-height/. In our data, households in the selected
dwelling units who occupy permanent structures are expected to respond to questions such as estimated floor areas. However,
we find that data for this question for all renters are missing. Thus, we have removed renters from the analysis.

Copyright © 2018 by the IAEE. All rights reserved.
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4. CASE STUDY DATA

We apply the above methods to a case study covering South Africa. Our analysis is based on data

from a recent household expenditure survey, the Living Conditions Survey (LCS) 2014/2015 (Stats

SA, 2017a). The LCS aims to provide data that will contribute to a better understanding of living

conditions and poverty in South Africa and is meant to be used for monitoring levels of poverty

over time. Importantly, the survey contains information on household expenditure, including energy

expenditure, household size and structure and some information on household appliances, which fit

our empirical models. The survey also provides information on dwelling space and, since the survey

took place over a period of twelve months, it is possible to account for the season of the year. In

different settings, we expect the available data to be different; however, the method we outline is

general enough to accommodate more or less detail.

4.1 The data

The LCS uses classification of individual consumption by purpose (COICOP) categories. Under

COICOP, energy expenditures lie in Category 04. All expenditures on COICOP Category 045, which

includes spending/values on electricity (including conventional metering electricity and prepaid

electricity), gas (including refilling gas and gas in cylinders), liquid fuels (including paraffin, petrol

and diesel for household use, not transport use), solid fuels (including bought and fetched firewood,

charcoal, candles, coal, bought and fetched dung, and crop waste), and other household fuel. In our

analysis, total energy expenditure includes expenditure from all of these energy sources.

The energy budget share is the share of the household budget devoted to energy consumption.

We use consumption expenditure instead of income for all the estimates in the analysis.13 Household

consumption expenditure comprises both monetary and in-kind payment on all goods and services,

and the money value of the consumption of home-made products. Hence, the energy share equals the

energy expenditure divided by total household expenditure. Given the collection timing, all reported

expenditures were inflated/deflated to April 2015, the midpoint of the survey year, using the consumer

price index.

The expenditure on COICOP category 0440 is coded as “water and electricity”, which is for

13In developing countries, it is more practical to use consumption rather than income. Due to the fact that formal
employment is less common, many households have multiple and continually changing sources of income, while home
production is more widespread. Hence, measured consumption tends to be ‘smoother’ than income (Deaton and Grosh, 2000),
which implies that reported consumption expenditure is more accurate than reported income.
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households with consolidated water and electricity bills. Since it is not possible to split electricity out

of the bill, these households are ignored in the case study. We further limit the data to households with

no more than seven adults and no more than five children, primarily because larger households are

quite rare. We also drop observations missing information related to domestic appliances (refrigerator,

freezer, cellphone, TV, radio, satellite TV and geyser), main energy source for cooking and living

space (estimated area of the dwelling). In addition to this, we remove: household whose living

space information is not applicable, which was captured by the survey to indicate a household

either not living in a permanent structure or there are multiple households living in one permanent

structure (Stats SA, 2017b). Unfortunately, within the survey data, the space not available category

captures all renters in the data. Since renters often have electricity and water inclusive of their rent and

may not have their own geyser for water heating, rather than trying to separate all of these different

factors, we exclude them from the analysis. Finally, we remove any others whose energy expenditure

cannot be separately determined, such as households, primarily individuals, who are borders and

households that do not purchase any form of energy. Our analysis sample, therefore, includes 12 774

observations from the initial 23 380.14

4.2 Household characteristics

We present summary information related to household characteristics and expenditure in Table 1.

As shown, the average household spends about 6% of its budget on energy, while average total

expenditure in the household is ZAR 8 048 per month (≈USD 676; 1 ZAR = 0.084 USD, April 2015).

On average, more than 93% of total energy expenditure is devoted to electricity consumption.

One of the main features we examine is the effect of household size and the number of children

and adults – through binary values of these variables. On average, each household contains one

child and 2.75 adults. The survey did not include temperature data, so we use winter (May-July) and

summer (November-February) to incorporate seasonal variation in our analysis. As outlined above, we

include the ownership of fridge (refrigerator, or combined fridge freezer, or freestanding deep freezer)

and energy choice for modern cooking (main energy source for cooking is electricity from grid, other

14Eskom, the national electricity supplier, and municipalities, which are the local suppliers in much of South Africa, do
offer free basic electricity (FBE) to some households, see Ye et al. (2018) for more information about the FBE policy in South
Africa. In the initial LCS 2014/2015 data, 2 722 out of 23 380 (12%) households report positive values of FBE and 1 978 out of
23 380 (8%) record no spending on energy. Since it is hard to determine if FBE is directly affecting their expenditure behaviour,
we also did not select households with positive FBE value recorded; however, since the data was limited to home owners, these
considerations have little impact on the resulting data. In their recent work, Ye and Koch (2021) include the households who
reported positive FBE values in the empirical analysis and estimate household-specific poverty line (i.e. household energy
needs) accordingly. Their estimations of energy equivalence scale and required energy are not that different from what have
been reported in our paper.
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Table 1: Descriptive statistics of the LCS 2014/2015 data
Variable name and description Mean Standard deviation
Household size: total number of household members 4.01 2.22
Number of children (age less than 15-year old) 1.26 1.33
Number of adults 2.75 1.40
Urban formal: settlement type is urban formal 0.46 0.50
Urban informal: settlement type is urban informal 0.07 0.25
Traditional area: settlement type is traditional area 0.45 0.50
Rural: settlement type is rural 0.02 0.14
Modern cooking: main energy source for cooking is
electricity from grid, other source of electricity (e.g.
generator etc.), gas, or solar energy

0.80 0.40

Fridge: household owns a refrigerator/combined fridge
freezer, or freestanding deep freezer

0.82 0.39

Cellphone: household owns a cellphone 0.92 0.27
Entertainment: household owns a TV, a radio or a satellite
TV (e.g. DStv/TopTV)

0.89 0.31

Geyser: household owns an electric water heater (geyser) 0.21 0.41
Summer: survey month in November, December, January
or February

0.35 0.48

Winter: survey month in May, June or July 0.25 0.43
Very small space: floor area less than 30 𝑚2 0.11 0.32
Small space: floor area between 30 and 59 𝑚2 0.28 0.45
Medium space: floor area between 60 and 119 𝑚2 0.39 0.49
Large space: floor area between 120 and 239 𝑚2 0.17 0.38
Very large space: floor area is 240 𝑚2 or more 0.05 0.21
Monthly energy expenditure (unit: ZAR) 306.11 361.21
Monthly total household expenditure (unit: ZAR) 8048.24 12580.63
Energy share (= energy expenditure/total expenditure) 0.06 0.05
Monthly electricity expenditure (unit: ZAR) 285.38 351.40
Monthly gas expenditure (unit: ZAR) 5.47 55.97
Monthly liquid fuel expenditure (unit: ZAR) 8.16 49.46
Monthly solid fuel expenditure (unit: ZAR) 7.10 56.47
Monthly paraffin expenditure (unit: ZAR) 7.21 33.03
Monthly wood expenditure (unit: ZAR) 2.31 38.77
Observation 12774
Note: 1) Household energy expenditure includes spending on electricity, gas, liquid and solid fuels; 2) Electricity
expenditure includes spending on conventional metering electricity and prepaid electricity; 3) Gas expenditure
includes refilled gas and gas in cylinders (including gas for heating purposes); 4) Liquid fuel expenditure includes
spending on paraffin, petrol and diesel (petrol and diesel for household use only, not transport use); 5) Solid fuel
expenditure includes firewood bought and fetched, charcoal, candles, coal, dung bought and fetched, crop waste,
and other household fuel. 6) Wood expenditure includes bought and fetched firewood values.

source of electricity, gas, or solar energy). In addition, basic equipment for social communication

(cellphone) and self-entertainment (TV, radio or satellite TV) are reasonable appliances for households

to achieve a reasonable standard of living. Table 1 shows us that more than 80% of households

own a refrigerator or freezer for cold storage; cellphones, and entertainment equipment are also

prevalent in South African households. Most of the households reside either in a urban formal (46%)

or traditional area (45%) in South Africa, where traditional area refers to communally owned land

Copyright © 2018 by the IAEE. All rights reserved.



15 / The Energy Journal

under the jurisdiction of a traditional leader (Stats SA, 2017b). 80% of households use modern energy

sources for daily cooking activities, in which electricity from national grid is the major fuel. We also

see that more than 60% of households stay in medium to larger sized homes (>= 60 𝑚2).

4.3 The reference household

We have previously noted our reference household to be a single (adult) person household living in a

small space (between 30 and 59 𝑚2) in an urban formal area, whose data was captured in spring or

fall. This household is assumed to own a fridge/freezer and cook with modern energy sources. This

individual is also able to communicate with a cellphone and access entertainment through at least a

TV, radio or satellite TV. In Table 2, we see total and energy expenditure for this group (Panel A)

compared to the entire sample (Panel C). Our reference group is relatively worse-off, as their total and

energy expenditure is much lower. The primary reason for the energy expenditure difference is that

the reference households do not own a geyser. Thus, for comparison, we also present a description

of the five households who are similar to the reference group, other than their geyser ownership in

Panel B. This difference is not unexpected. Due to South Africa’s mild climate, water heating via

electric geysers, rather than space heating, is the largest user of electricity in the domestic sector in

the country (Meyer, 2000), accounting for 39% of household electricity use (DOE, 2018). Thus, as

noted by Meyer (2000), when water heating consumed about 40% to 50% of monthly electricity for

an average middle-to-upper income household, water heating remains an important expense for the

economically advantaged in South Africa. In our data, geyser ownership is limited (21%), which also

suggests that electric water heater (geyser) is not widely affordable for South African households.

Hence, in our analysis, we focus on the more general reference group (Panel A) which does not own a

geyser in their home.

Choosing the appropriate monthly electricity expenditure for our reference, however, requires

some justification. For that reason, we plot the distribution of household energy expenditure in

Figure 1; its skewness means that most South African households consume less energy than the mean,

as the median energy expenditure is lower than the mean. According to Table 2, the 75𝑡ℎ percentile

of energy expenditure for the reference group (Panel A) falls in between the median and mean of

the entire sample (Panel C), therefore, we use that percentile for the reference energy requirement;

using a lower value will lower required energy consumption, but will not lead to qualitative changes

in the results we present below. Lastly, one might be concerned about the small sample size for

our reference group. For comparison, the third quartile of energy expenditure for all single person
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Table 2: Descriptive statistics of reference household group
Min. 1st Qu. Median Mean 3rd Qu. Max.

Panel A: Reference group without geyser (𝑁 = 44)
Total expenditure (unit: ZAR) 709.09 1543.51 2109.58 3517.62 4312.04 16192.75
Energy expenditure (unit: ZAR) 89.92 99.74 179.84 196.58 231.10 802.40
Energy budget share 0.01 0.05 0.07 0.08 0.11 0.25

Panel B: Reference group with geyser (𝑁 = 5)
Total expenditure (unit: ZAR) 2975.03 4134.13 15234.31 13320.70 16375.09 27884.95
Energy expenditure (unit: ZAR) 179.91 179.91 250.00 291.97 400.00 450.00
Energy budget share 0.01 0.03 0.03 0.04 0.06 0.06

Panel C: Entire sample (𝑁 = 12 774)
Total expenditure (unit: ZAR) 213.14 1994.87 3689.53 8048.24 8150.78 160806.72
Energy expenditure (unit: ZAR) 2.17 99.95 199.59 306.11 359.69 6092.11
Energy budget share 0.00 0.03 0.05 0.06 0.08 0.57

households, a sample of 1683 observations, is ZAR 224.78; given the similarity with our reference

sample, we are neither concerned with the sample size of the reference group nor the value of actual

energy expenditure in our reference group.

Figure 1: Kernel density of monthly energy expenditure
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Figure 2: Household energy share and monthly total expenditure by family types
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5. CASE STUDY RESULTS AND DISCUSSION

Our analysis focuses on two sets of results. Our primary interest is in the final required energy

consumption estimates. To get there, energy equivalence estimates are needed, which are based on our

semiparametric model. However, before we turn our attention to those, we illustrate the relationship

between total expenditure and the share of energy expenditure, based on fitted nonparametric

regressions for selected family types; see Figure 2. The relationship that we see is negative, suggesting

that the extension of Engel’s intuition to energy shares is realistic. We also see that the underlying

relationship would not generally be described as linear, which suggests that the semiparametric

equivalization method is appropriate in this setting. Finally, we see these curves lying fairly close to

each other, which means that, even though we do not have price data, there does not appear to be

much translation from one curve to the next; in other words, assuming 𝜂(p) = 0, as in equation (1), is

not unreasonable.

5.1 Semiparametric model estimates

As discussed in Section 3.1, we have applied a nonlinear model to indirectly estimate equivalence

scales. The underlying empirical model estimates are available in Table 3, which contains two sets of
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parameter results, one for a model assuming expenditure exogeneity and one allowing for endogeneity.

Since the reference group in the model is exactly the same as our reference households – which are

single adult no child households living in a small sized home in an urban formal setting, with modern

energy used for cooking, a refrigerator or freezer, cellphone and entertainment, whose consumption

data was collected in either spring or autumn – the model controlled for the effect of not owning those

particular appliances, adults in excess of one, children in excess of zero and spaces larger/smaller than

the small size reference, as well as non-urban-formal locales, owning a geyser and non-spring/fall

weather. Since the focus of the modelling is on determining the adjustments needed for nonreference

household characteristics, we present the empirical results in this format.

The exogenous set of estimates, along with their standard errors are reported in the first two

columns of Table 3. This initial model assumes that household expenditure is exogenous. In the last

two columns, we present results that control for potential endogeneity in household expenditure. The

first conclusion to draw from these results is that household expenditure is likely to be endogenous

in this setting, as the control function is found to be statistically significant. The impact of that

endogeneity, in most cases, is to bring the coefficient estimate closer to zero for the remaining

variables. However, in one case, the sign switches while remaining statistically significant (Very

small space); in others the estimate goes from statistically significant to not (number of children = 1

and = 5 or number of adults = 7) and in others, the estimate increases in absolute value (number of

adults = 2, for example). Given these results, the second conclusion to draw is that the source of the

endogeneity is correlated with most of the included variables. Regardless of the degree of exogeneity,

the estimates show us that household age and size composition does matter, as do additional household

characteristics.

In order to interpret the estimates with respect to the equivalence scales, the coefficients need

to be related back to the point of the equivalence scaling process, which is to equate shares across

reference and nonreference households. In Table 3, the reported estimates are the 𝜆 𝑗 in equations (1)

and (2). However, to calculate the scale, it is the opposite of the reported estimate that is required.15

Thus, a positive semiparametric model estimate decreases the equivalence scale, while a negative

estimate increases the equivalence scale. In other words, negative/positive model coefficients imply

15Although the semiparametric parameters, on their own, can be interpreted as in any other regression, such that the sign
tells us the marginal effect of that characteristic on energy shares, that marginal effect is the opposite of the marginal effect on
the scale. The scale model developed in equation (1), as well as the equivalence scale calculation described in equation (2) and
footnote 9, include a negative sign to account for division within a logarithmic setting; thus, we must take the negative of our
parameters to see the marginal effect on the equivalence scale. Further, note that equation (2) represents the exponentiated
denominator of ln 𝑥 in equation (1). For a positive coefficient, (𝜆 = 0.5) , for example, we have exp(−𝜆) < 1, such that
𝑥/exp(−𝜆) > 𝑥.
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Table 3: Semiparametric index model parameter estimates
(1) Exogenous expenditure (2) Endogenous expenditure

Estimated Standard Estimated Standard
Variable coefficient error coefficient error
Log of household total
expenditure1

1.0000𝑎 (0.000) 1.0000𝑎 (0.000)

Number of adults = 2 -0.0195𝑎 (0.001) -0.0451𝑎 (0.002)
Number of adults = 3 -0.1547𝑎 (0.001) -0.0451𝑎 (0.003)
Number of adults = 4 -0.1671𝑎 (0.001) -0.0363𝑎 (0.003)
Number of adults = 5 -0.2794𝑎 (0.001) -0.0447𝑎 (0.007)
Number of adults = 6 -0.1347𝑎 (0.002) -0.0203𝑎 (0.006)
Number of adults = 7 -0.0660𝑎 (0.003) 0.0067 (0.016)
Number of children = 1 0.0860𝑎 (0.001) -0.0033 (0.002)
Number of children = 2 0.0685𝑎 (0.001) 0.0348𝑎 (0.003)
Number of children = 3 0.1489𝑎 (0.001) 0.0929𝑎 (0.003)
Number of children = 4 0.0475𝑎 (0.001) 0.0147𝑐 (0.006)
Number of children = 5 0.1006𝑎 (0.004) -0.0043 (0.013)
Urban informal 0.1375𝑎 (0.001) 0.0737𝑎 (0.005)
Traditional area 0.2109𝑎 (0.001) 0.2449𝑎 (0.002)
Rural 0.0418𝑎 (0.001) 0.0444𝑎 (0.009)
No modern cooking 0.3500𝑎 (0.001) 0.3631𝑎 (0.003)
No fridge 0.1319𝑎 (0.001) 0.1500𝑎 (0.004)
No cellphone 0.0541𝑎 (0.001) 0.0071 (0.005)
No entertainment 0.0030𝑎 (0.001) 0.0326𝑎 (0.004)
Geyser -0.4328𝑎 (0.001) -0.1911𝑎 (0.003)
Summer -0.0031𝑎 (0.001) -0.0117𝑎 (0.003)
Winter -0.1181𝑎 (0.001) -0.0747𝑎 (0.003)
Very small space 0.0034𝑎 (0.001) -0.0244𝑎 (0.005)
Medium space -0.0180𝑎 (0.001) -0.0471𝑎 (0.002)
Large space -0.0446𝑎 (0.001) -0.0374𝑎 (0.004)
Very large space -0.2980𝑎 (0.001) -0.0784𝑎 (0.005)
Control function2 0.1238𝑎 (0.003)
Parameter estimates from semiparametric least squares applied to equation (1); see Ichimura (1993) for estimation
details. The estimated coefficient is 𝜆 𝑗 in equations (1) and (2). Significance levels: 𝑎 ≤ 0.005, 𝑏 ≤ 0.01, 𝑐 ≤
0.05, 𝑑 ≤ 0.1. Additional notes: 1 - For identification, this parameter estimate is set to unity. 2 - Residual from
first stage nonparametric regression of ln expenditure on ln income and the remaining model variables following
Dong (2010), which does not require ln income to be an instrument, only that it be continuous and correlated.

that nonreference households have relatively more/fewer resources at their disposal than do reference

households, and, therefore, the equivalence scales need to deflate/inflate nonreference households’

resources in order to equivalize the energy shares across the groups.

With that understanding, the results are not entirely unexpected in this setting: larger spaces,

geyser ownership, summer and winter lead to increased scales, while non-ownership of appliances and

not living in a formal urban area lead to decreased scales; we look at adults and children, separately.

The scale adjustments are found to be higher for characteristics that are expected to raise energy

expenditure, and lower for characteristics expected to lower energy expenditure. The underlying
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explanation of those results can be derived from the understanding that in order to purchase more

energy, a household must have the resources to do so. For example, although relatively larger spaces

require more energy, they require more of many other things, and, therefore, are owned by those who

are better-off; thus, their energy shares tend to be lower leading to larger equivalence scales. On the

other hand, a household that does not own electric appliances is likely worse-off, and, therefore, has

energy shares that tend to be higher. Similarly, more adults in the household could be a signal that

adults are pooling resources, because they have to; because they are poorer, their energy shares are

likely higher. The effect of children, however, is more nuanced, with the first and fifth child not having

much influence. For the rest, children are associated with an increased scale.

5.2 Estimates of energy equivalence scales

Using the semiparametric model estimates, we are able to determine each household’s equivalence

scale. We summarize them in Table 4 and Figure 3. We can also calculate each household’s required

energy consumption, which we discuss in the following subsection. The results in Table 3, suggest

that expenditure is endogenous, and controlling for that endogeneity matters. However, the summary

breakdowns presented Table 4 suggest that the effect of endogeneity on the underlying scales is rather

small, at least for smaller values of the scale; however, there is evidence that the endogeneity effect

could be large for relatively larger scales. We explore that further in Figure 3, where we illustrate a

smoothed plot of the estimated equivalence scales against the log of total household expenditure; the

regression was smoothed via a cubic spline on (log) expenditure.

Table 4: Description of estimated equivalence scale and required energy expenditure
Min. 1st Qu. Median Mean 3rd Qu. Max.

Panel A: Expenditure assumed to be exogenous
Equivalence scale 0.41 0.77 0.95 1.06 1.21 3.09
REC (unit: ZAR) 93.75 178.00 220.05 244.94 280.43 714.22

Panel B: Expenditure allowed to be endogenous
Equivalence scale 0.39 0.76 0.92 0.92 1.10 1.44
REC (unit: ZAR) 91.22 174.72 211.62 213.57 253.42 332.01
REC (required energy consumption) is calculated from equation (3) as per household per month value.
𝑁 = 12 774.

Both Table 4 and Figure 3 suggest that the equivalence scale - expenditure gradient is positive,

i.e., scales are relatively low for poor households and increase with expenditure. In fact, for very poor

households, the scale tends to be less than one, which is intuitively appealing. The equivalence scale
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is a ratio adjustment to household expenditure, such that expenditure shares are equal across reference

and nonreference households. Our results imply that poor household’s income or expenditure should

be divided by a number less than one; in other words, poor households do not have enough resources

available to them; they are economizing on energy expenditures, at least in part, because they have

other more pressing budgetary requirements. Finally, the illustration confirms that the endogeneity

effect is not particularly big, except at the upper end. Furthermore, controlling for endogeneity flattens

the gradient, i.e., the gradient is overestimated if we do not account for endogeneity.

Figure 3: Smooth plot of energy equivalence scales against total household expenditure
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The most important take-away from these results is that the energy equivalence estimates

are neither very similar to those reported for the UK nor similar to the OECD’s income equivalence

scales. Table 4 shows our estimated energy equivalence factors lies in between 0.41 and 3.09 (0.39 to

1.44 in the endogenous case), while the UK’s energy equivalence factors range from (1.22-1.61) with

single adult households as the reference group (BEIS and BRE, 2018). In other words, equivalence

scales developed and used in one country may not be of use in another country, which is an important

reason to develop a process that allows scales to be contextually estimated and in places where data

might be limited, as is often the case in developing regions.

Although the reasons for the scale differences between South Africa and the UK or OECD

are worthy of further investigation, the estimated differences are not entirely surprising. Firstly, as

shown by the closeness of the budget share curves in Figure 2, our sampled South African households
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are not raising their energy spend share, when family size increases. In other words, in South Africa,

there are large economies of scale in residential energy consumption: the scales are, on average,

much less than actual household size. The endogeneity results suggest that part of this effect is

due to an excluded factor that affects both total expenditure and household size; a limited range of

opportunities or social capital are two such possibilities that might lead individuals to have very few

resources, which they might attempt to pool with others, who similarly have very limited resources.

There is some evidence that South African households form around sources of income (Schatz et al.,

2015), and not necessarily around nuclear families, which could greatly influence the amount of

money available for energy and other expenditure. Secondly, technology, weather, and, by extension,

temperature and sunlight conditions in the UK and other OECD countries do not mimic those in South

Africa. The former includes energy consumption inputs like insulation, which are not prevalent in

South Africa, while the latter includes relatively milder weather for a larger swathe of the population

for more of the year, reducing the need for indoor heating.

5.3 Estimates of required energy consumption

Given the scales, we turn our attention to household required energy. Recall that REC is the

multiplication of reference energy consumption and the relevant energy equivalence scale (see

equation (3)). As noted earlier, our reference, 𝐸̄𝑏, was taken from the 75𝑡ℎ percentile of monthly

energy expenditure in the reference group. Based on our data and estimates, the reference monthly

energy requirement (in 2015) is ZAR 231.1. Given the structure of the analysis, using a higher (lower)

percentile would increase (decrease) the estimated REC values. The REC is our estimate of how much

energy expenditure a household requires for a reasonable standard of living, adjusting for differences

in various characteristics relative to the reference household group. Hence, REC estimates differ by

household, and, therefore, we present averages in the figure.

As was the case with the scales, we illustrate the average required energy (for exogenous

and endogenous expenditure), along with average monthly energy expenditure, against (log) total

household expenditure using a generalized additive model with a cubic spline over expenditure. The

results are presented in Figure 4. The main take-away from this figure is that average actual energy

expenditure rises more with income than the REC values. The result is both plausible and in line with

an intuitive understanding of required, which should primarily be based on appliances, climate and

family structure, rather than income.

The other main take-away is that poorer households are spending less than the estimated
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Figure 4: Smooth plot of required and actual energy expenditure against total household expenditure
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need (about half of their need at the low end), while richer households are consuming far more (in the

region of four or five times more at the upper end) than their estimated needs. Our results, therefore,

are quite different from those produced by the BREDEM model in the UK. The UK results suggested,

implausibly, that many rich households were not meeting their energy needs; see Hills (2011) and

Herrero (2017). Thus, the rescaling of the actual energy expenditure of a reference household group

offers both a plausible and intuitive estimate of household energy requirements (REC) at different

income levels.

In addition, according to descriptive statistics in Table 4, the estimated energy requirement

lies in between ZAR 91.22 and ZAR 714.22 per household per month in 2014/2015. The mean REC

value is lower than average actual energy expenditure (ZAR 306.11 in Table 2). Our required energy

estimates are far below the modelled energy expenditure for the UK, which is between ZAR 1 947

and ZAR 2 876 per month, which can be partially explained by climactic factors.16.

16The UK’s estimated energy requirements were about GBP 107 to GBP 158 per month in 2009 (Hills, 2011) We convert
the values to South African Rand by using the exchange rate 1 GBP ≈ 13 ZAR in 2009, and then inflate the ZAR value by 1.4
to match South African inflation from 2009 to 2015, such that the UK’s estimation is comparable with the South Africa’s in the
year of 2015.
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5.4 Discussion

We complete our analysis with a brief discussion of what the estimated REC implies, in terms of

usage for a typical South African household, we describe what can be purchased by a two-adult and

two-child household in an example using both the exogenous and endogenous REC. The average

REC values for these two groups are: ZAR 228.19 for the exogenous REC and ZAR 214.9 for the

endogenous. The average Eskom residential electricity price for 2014/2015 was 0.9806 ZAR/kWh

(DOE, 2017), so these values equate to approximately 232 kWh and 219 kWh electricity consumption

per household per month.17

The estimated REC is supposed to meet household basic energy needs for lighting, cooking,

space heating and cooling, as well as social communication and entertainment. To have an in-depth

understanding of the estimated REC, we conduct a further analysis on daily energy usage for home

appliances. As shown in Table 5, each appliance’s electricity consumption is the multiple of its rated

power and duration of usage. Although the energy consumption patterns presented in Table 5 represent

only one possible realisation out of various consumption patterns, it allows us to describe how the

estimated REC could be utilised by family members for their basic energy needs. To summarise,

required energy consumption covers a useful range of activities.

6. CONCLUSION AND POLICY IMPLICATIONS

This paper has developed an equivalence scale model for the determination of required energy

consumption for households. The proposed approach rescales actual energy expenditure from a

reference household group, accounting for differences in household structure, average weather,

appliance ownership and dwelling size. The plausibility of the model has been examined using data

from a recent South African household expenditure survey.

Two primary issues motivated this research. The first is that climate, appliance ownership

and a number of other factors are likely to differ across countries, and, therefore, one would not expect

either energy equivalence scales or required energy consumption from one country to necessarily be

appropriate for another. The second is that data availability is often a problem, especially in developing

countries, and, therefore, it might be difficult to develop requirements directly from actual energy

usage (in kWh) patterns, dwelling energy efficiency and other details that are used in engineering

17This price is only applicable to Eskom’s direct sales to the residential consumers. The distribution tariff applied by local
authorities, who are resellers and use this activity for local revenue generation, is higher than the Eskom direct price.
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Table 5: Example: Monthly electricity usage of household appliances in South Africa
Electrical
appliance

Rated
power
(kW)

(1) Exogenous REC (2) Endogenous REC

Duration
(hours/day)

Power
(kWh/day)

Duration
(hours/day)

Power
(kWh/day)

Lamp bulb 0.06 8.00 0.48 8.00 0.48
Electric stove 2.20 0.60 1.32 0.60 1.32
Microwave oven 1.00 0.20 0.20 0.23 0.23
Kettle 1.20 0.15 0.18 0.60 0.72
Refrigerator 0.40 6.00 2.40 6.00 2.40
Geyser 2.00 0.50 1.00 0.00 0.00
Washingmachine 1.00 1.00 1.00 1.00 1.00
Iron 1.20 0.40 0.48 0.40 0.48
Television 0.15 4.00 0.60 4.00 0.60
Charger (for cell-
phones)

0.01 7.00 0.07 7.00 0.07

kWh/day 7.73 7.3
kWh/month 232 219
Note: 1) REC refers to required energy consumption. 2) Monthly usage (kWh/month) is calculated as daily usage
(kWh/day) multiplied by 30 days. 3) Information on rated power of each appliance is from Setlhaolo et al. (2014) and
Setlhaolo and Xia (2015).

models to determine energy requirements in developed countries. Our approach addresses each of

these concerns.

As expected, we find that our energy equivalence scales differ from both income equivalence

scales and energy equivalence factors applied in developed country studies. The required energy

consumption values that we derive from actual expenditure, a reference group and our estimated scales

suggest that, on average, required energy consumption is well above actual energy expenditure for low-

and middle-income groups, and well below actual for high-income groups. The results are consistent

with an expectation that the basic energy needs of most poor households in South Africa have not

been met, due to over-arching poverty in the country. These results stand in contrast to developed

country studies using more complex engineering models, which have shown energy consumption by

rich households to be less than what they need, a result that calls such methods into question.

Our study is the first to estimate required energy consumption following equivalence scale

methods that can easily be applied to widely available household expenditure survey data. It can also

be easily adapted to local data and circumstances. The scales and requirements that we are able to

estimate offer value both to researchers and policymakers. For example, common energy poverty

indicators use actual energy expenditure instead of required energy expenditure, because the modelling

of required energy consumption has not generally been addressed. Our study, therefore, offers an

important contribution, since it offers a way to determine required energy from actual consumption.
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The suggested methods take into account family size and structure, as well as characteristics related

to household energy needs. Such needs and characteristics can be adjusted for the context and the

data at hand; therefore, our contribution is more general than the South African case study that we

examine. Our method is expected to be especially beneficial, when detailed energy usage and housing

energy efficiency data is not available, which is likely to be the case in the majority of settings.

With respect to policy, the proposed method is especially beneficial, because it offers

policymakers a fairly easy way to determine household energy requirements, and potential energy

subsidies/taxes that could be applied differentially. Importantly, those requirements would be based

on local circumstances, rather than on the circumstances that were relevant for the UK or even

South Africa. The method can offer policymakers more accurate comparisons, if they are interested

in comparing domestic energy consumption across regions, since our adjustment allows for the

incorporation of regional heterogeneity. Importantly, the definition of reference energy is flexible,

and can be adjusted to suit policy goals; for example, one might be interested in subsidising solar

geysers, as geysers are an important driver of energy consumption. Furthermore, since our method

offers a way to estimate required energy, it offers a way forward, when it comes to energy poverty

measurement, which is usually defined for required energy rather than actual. Such information can

also help policymakers identify and more efficiently target subsidies to the benefit of households that

are energy poor, and, thus, mitigate energy poverty.

Although the method is fairly general, our South African case study was limited in a few

dimensions. For example, our analysis did not include any renters, primarily due to the broadly

different underlying data concerns. For example, difficulties in splitting rent from utilities, as well as

what seems to be a reporting error related to dwelling size across all renters; although there were

supposed to be asked about estimated dwelling space, it appears that was not pursued adequately by

the surveyors. In future research, we hope to be able to examine differences between renters and

owners. Data limitations also reduced our ability to account for a wide range of domestic electrical

appliances, their power usage and other drivers of domestic energy usage. Although the survey

captured ownership of selected household appliances, detailed information related to the number and

power of each appliance is not available. For that reason, we used common benchmarks in Table 5.

Therefore, we believe there would be a benefit from a deeper survey that captured more information.

Finally, in places where engineering models are available, a comparison of our model to that model

would help develop a greater understanding of the pros and cons of each method.
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