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Abstract

People act peculiarly when they believe something is “free”. For households with solar panels,
sunshine generates “free” power and “free” money. Once solar panels are installed the marginal
cost of producing electricity is zero and households are paid to export electricity they do not
consume. For some households the price they receive to export electricity is above the price they
pay to import electricity. The opportunity cost of consuming solar power is therefore high yet these
households consume more as they produce more. I exploit variation in solar production and in the
difference between import and export prices to test whether households respond to opportunity
costs and to identify the elasticity of electricity consumption with respect to solar income. I find
that households are attentive to opportunity cost: they do not treat consumption of solar power as
costless. Rather, consumption of electricity is extremely sensitive to small changes in solar income
within the period in which it is generated. This behaviour is not consistent with money fungibility
but is consistent with behavioural models of mental accounting and category budgeting. As solar
production increases I show that the income effect dominates the substitution effect resulting in
a negative export elasticity. An unintended consequence of higher export prices may therefore be
that solar households export less electricity at the intensive margin.
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1 Introduction

Anecdotal evidence suggests that people behave abnormally when they perceive something to be

“free”. People wait for an hour in line to avoid paying $10 for a burrito and spend gift vouchers on

something they wouldn’t otherwise buy. In contrast, theory says that the cost of the burrito is the

opportunity cost of the time spent waiting in line and that households should respond equally to

income regardless of how it was earned. In this paper I explore whether households are attentive

to the opportunity cost of “free” goods and whether their response to “free” income is consistent

with the fungibility of money. The field setting I study is residential solar. Once a household

installs photovoltaic (PV) panels they generate electricity from the sun at zero marginal cost. In

general households are then paid for electricity they export to the grid (solar power not immediately

consumed).1 Solar panels thus turn sunshine into “free” goods which generate “free” income.

For solar households the marginal cost of producing electricity is zero, however the opportunity

cost of consuming it is not. Instead, the implicit price of consuming what would be exported is

the export price, called a feed-in tariff. Bastiat (1850) was the first to note that an opportunity

foregone is an important, yet often invisible, economic cost. Opportunity cost has remained a

basic tenet of economic reasoning for the last 150 years. Yet survey, laboratory and anecdotal

evidence suggest that decision-makers (and academic economists) do not consider or have trouble

calculating opportunity costs (Thaler, 1980; Shavit et al., 2011; Phillips et al., 1991; Becker et al.,

1974; Frederick et al., 2009; Ferraro and Taylor, 2005). To date however evidence from the field

on attention to opportunity costs is lacking. An opportunity cost is the value of the next best

alternative use, by definition therefore it is the value of an alternative not taken. In the lab an

experimenter observes the value of all alternatives. In the field this is rarely the case. In this paper

I use a novel field setting where opportunity costs are observed to test whether household decision

making is consistent with basic economic reasoning. In this setting households consume a good

that has an explicit cost of zero but that has an observable non-zero opportunity cost.

When the sun shines solar homes have an endowment of electricity that they can consume for an

explicit cost of zero. The value of this endowment (whether it is consumed or exported) is reflected

in a shift of the household’s entire budget set. “Free” power thus generates “free” income. This

income is small and varies with sunshine. For a neo-classical household, variation in solar income

1Some households are paid according to a gross metering system. These households are paid for all electricity produced
by their panels
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would have little or no effect on consumption of any goods including electricity. A number of

studies however find that households are excessively sensitive to expected and unexpected changes

in income and in particular that the marginal propensity to consume out of minor windfall gains

(“free money”) is high (Jappelli and Pistaferri, 2010). Excess sensitivity to free money is consistent

with mental accounting: the theory that people allocate income to consumption or saving based on

its source (Thaler, 1990). Excess sensitivity to solar income may also be consistent with category

budgeting: the theory that individuals hold mental budgets for expenditure on items within the

same “category” (Heath and Soll, 1996). Both these theories explain violations of the fungibility of

income. In this paper I explore whether small changes in income from solar panels cause households

to consume more electricity in a way that is inconsistent with fungibility.

Several observations suggest that solar households may not behave according to neo-classical

theory. First, advertisements targeting solar adopters highlight that solar households can consume

electricity for “free”. Consistent with this, all households appear to consume more as their panels

produce more regardless of the opportunity cost. One explanation for this behaviour is that solar

production and exports are highest on sunny days when air conditioning demand is simultaneously

high. Another is that solar households have a preference for consuming solar power over electricity

that is likely to have come from fossil fuel generators (they treat solar electricity as "guilt free"

rather than costless). Yet for high levels of exports, households who receive an export price above

their import price consume more than households whose export price is equal to or lower than

their import price. These consumption patterns suggest that changes in solar income may cause

households to increase their consumption and not temperature or preferences for solar electricity.

To explore how households respond to opportunity cost and income I make use of a unique

combination of variation in feed-in tariffs and the availability of high frequency meter data in

Victoria, Australia. In the setting I study, feed-in tariffs can be above, below or equal to the cost

of importing electricity. In general therefore the implicit price of consumption at times of export is

different to the explicit price of consumption at times of import. For most households, price changes

discontinuously at the point at which they begin to export. Income also changes discontinuously at

that point, however unlike price which remains constant, solar income increases linearly with solar

production. The effect of export price on consumption will be identified from level differences in

consumption across households in feed-in tariff groups in the neighbourhood of the discontinuity.

The effect of income will be distinguished by differences in the slope of consumption as exports rise

but price remains constant. In my main set of results I use variation in solar production across
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and within households, and price variation across households to test whether households respond

to opportunity cost and to explore their response to solar income. To do so I match a panel of

half-hourly electricity meter reads for over 500 households with solar panels to satellite irradiance

data and temperature measurements. In a robustness check I isolate variation for a limited group

for whom I observe variation within a household-hour of day.

To identify the parameters of the demand function I use instrumental variables to overcome three

identification problems. First, a household’s current price and solar income are a function of whether

they are exporting. A household exports electricity when their consumption is less than their

current solar production. Exports and consumption are therefore simultaneously determined. To

address this simultaneity problem I use solar production as an instrument for whether a household

is exporting. To account for the correlation between irradiance and temperature I control flexibly

for the effect of temperature on consumption within each hour of the day. The identifying variation

is thus differences in solar production across and within hours with similar temperature.

The second identification problem arises because the price of imports is determined by an en-

dogenous plan choice on the part of the household. To overcome the potential selection problem

I use variation from underlying network tariffs to isolate differences in prices arising from spatial

discontinuities in electricity distribution zones and historical meter allocations. The final identifi-

cation problem arises because guaranteed feed-in tariffs have declined over time meaning that early

adopters receive higher export prices. I use a measure of the solar resources available in a location

(average irradiance) as an instrument for feed-in tariff group. The identifying assumption is that

the availability of solar resources affects when a household installs solar panels but is not correlated

with other household characteristics that affect electricity consumption.

Across models I fail to reject that households are as responsive to the implicit price of their

consumption when they export electricity as they are to the explicit price of consumption when

they import it. Households therefore respond to the opportunity cost of their consumption and do

not treat consumption as “free”. I also find that households respond strongly to expected income

as well as to temporary shocks to income. These income effects cannot be explained in a neo-

classical model of behaviour with fungibility. The behaviour is consistent with behavioural models

of mental accounting and category budgeting. The response to solar income is well in excess of

existing elasticity estimates and also in excess of the long run income elasticity I estimate. I also

rule out several other explanations for the behaviour including that households have a preference

for consuming solar generation and that households respond to the net cost of consumption.
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Although there is plenty of anecdotal evidence that households behave abnormally when they

believe something is free (Ariely, 2009) very few studies have explored household behaviour empir-

ically. Using artefactual field experiments2 with chocolates Shampanier et al. (2007) demonstrate

that consumers behave as if there is a discontinuity in demand at a price of zero. In contrast my

focus is on whether households are inattentive to opportunity cost when the explicit price of a good

is zero. In doing so I present the first (known) field evidence on household attention to opportunity

cost. Every decision taken involves an opportunity cost and hence it is difficult to overstate its

importance for economics and for policy. For example if students are not attentive to foregone

wages then policy to increase educational attainment should target the explicit financial cost of

fees. Similarly, if owners of grandfathered resource rights do not take account of the opportunity

cost of those rights then mechanisms that tax water use rather than allocate water rights may

be more effective at achieving an efficient allocation.3 A field test of opportunity cost therefore

potentially has broad policy implications.

To be capable of providing general insights into behaviour it must be the case that solar house-

holds are not too dissimilar from the general population. Although solar and non solar households

do differ on some observable characteristics I demonstrate that they are similar on a number of

dimensions including income and education. This is likely because solar penetration amongst house-

holds in Australia is now higher than one in six (ABS, 2014) suggesting that these households are

not an extreme group and that the results are relevant to a broader population.

This paper is part of a growing empirical literature that has sought to identify whether be-

havioural anomalies observed in the lab are themselves present in the field (see DellaVigna (2009)

for a survey). In contrast to most studies finding consumers suffer from behavioural biases, I

find that households do respond to opportunity costs. I do however find that households spend

“free” solar income (income generated for zero marginal cost) differently to income from other

sources. Milkman and Beshears (2009), Hastings and Shapiro (2013), Beatty et al. (2014) and

Abeler and Marklein (forthcoming) also demonstrate that consumers spend “free” money (in the

form of vouchers, rebates and from price reductions) in ways that violate fungibility. Like these

papers, my results are consistent with mental accounting and/or category budgeting. To date

this literature has largely focused on identifying the existence fungibility violations regardless of

whether the setting is itself policy relevant.4 I add to the literature by studying the effects of small

2according to the typology of field experiments in Harrison and List (2004)
3There is some evidence that firms respond to the implicit price of free emission permits (Fabra and Reguant, 2014).
4Both Feldman (2010) and Beatty et al. (2014) study policy induced income changes.
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income changes in a setting with immediate implications for energy policy.

The third contribution of this paper is to explore behaviour in a setting that has not been

studied by economists. Baker et al. (2013) provide an overview of the economics of solar PV

whilst Borenstein (2008) and Borenstein (2015) model the costs and benefits of solar PV and

their distribution. The small empirical literature in household solar studies the extensive margin

of solar adoption (Burr, 2012; Bollinger and Gillingham, 2012; Graziano and Gillingham, 2014;

Lamp, 2014). I study the impact of feed-in tariff design on consumption and exports of electricity

post-adoption. This behaviour is critically important for energy policy.

Rooftop solar is a fast moving market with far reaching consequences for climate change and the

energy sector. Generous feed-in tariffs have resulted in rates of rooftop solar penetration as high as

30% in some Australian states (APVI, 2015). Australia is the largest per capita residential solar

market in the world. Solar penetration amongst households in other jurisdictions like California

and Germany is well below 5% but rooftop solar is growing rapidly worldwide.5 The impact of

rooftop solar on electricity networks and on carbon emissions is determined by how households

respond to their solar panels. This behaviour is an important determinant of the design of solar

subsidies, feed-in tariffs and network tariffs, and the value of battery storage. I present estimates

of elasticities that are of immediate relevance to these policy parameters. In particular I identify

statistically significant and economically important effects of solar income on consumption.

Income effects are typically assumed or found to be small in electricity (see Ito (2014) and Reiss

and White (2005) for example). I demonstrate that as solar production increases income effects

can dominate substitution effects and this can result in positive price elasticities of consumption

and negative price elasticities of supply. An unintended consequence of increasing export prices

may therefore be a reduction in exports at the intensive margin. My results also suggest that lump

sum subsidies (rather than implicit subsidies via high feed-in tariffs) may be a more efficient way to

support deployment of rooftop solar. The results also indicate that the trend towards third-party

ownership and power-purchase agreements between panel owners and householders may result in

increased supply of electricity at the intensive margin.

The remainder of the paper is structured as follows. Section 2 provides background on feed-in

tariffs and solar PV in Australia. Section 3 outlines data sources, presents descriptive statistics

and descriptive evidence. Section 4 discusses the formal tests and empirical strategy. Section 5

presents results and discusses demand and supply elasticities before Section 6 concludes.

5In the U.S. rooftop solar is growing at approximately 50% p.a.(GTMR and SEIA, 2015)
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2 Rooftop solar, opportunity cost and income

Residential solar has been growing rapidly around the world, most notably in Germany, California,

Hawaii and Australia. This growth is a response both to policy support for renewable energy, and

to the rapidly declining costs of solar panels. A number of studies aim to assess the impact of policy

on adoption of rooftop solar (Burr, 2012; Bollinger and Gillingham, 2012; Graziano and Gillingham,

2014). At the heart of the policy debate are two key questions: (1) what is an appropriate level of

support for rooftop solar and (2) what are the most appropriate mechanisms for subsidising and/or

compensating households for supplying electricity to the grid (see for example Baker et al. (2013);

Borenstein (2008, 2015)). A thorough understanding of how households respond to compensation

mechanisms once their panels are installed is required to answer these questions. At the time

of writing this was the first known paper to study the effects of feed-in tariff policy on post-

adoption behaviour. To do so I use the intermittency of solar generation to identify how household

consumption of electricity responds to feed-in tariffs and solar income. The combination of variation

in feed-in tariffs, high penetration and high frequency meter data make Australia an ideal setting

to undertake such a study.

In Australia, residential rooftop solar is now widespread. As of 2014 one in five Australian

households were using some form of solar electricity, the vast majority from photovoltaic (PV)

panels (ABS, 2014). There are a number of reasons for the high level of uptake. First, Australia

has vast solar resources. As a continent Australia has the highest solar irradiance per metre in

the world (Geoscience Australia, 2010). Second, over the period 2010 to 2015 the cost of solar PV

more than halved. In 2010 the cost of a kilo-Watt (kW) was close to $AUD6000. By 2015 it was

less than $AUD2500 (APVI, 2015). Third, households received a range of overlapping state and

federal government subsidies including generous feed-in tariffs and the ability to generate and sell

renewable energy certificates. Finally, solar PV has become more attractive as the retail cost of

electricity has increased. From 2009 to 2014 the cost of retail electricity in Victoria increased by

more than 50 percent (ESC, 2015).6 The combination of these factors has meant that there is now

a non-trivial number of Australian households producing and consuming electricity from rooftop

solar.

Solar photovoltaic panels convert energy from the sun into electricity. An inverter connected

6These price increases are largely attributed to the cost of network management and augmentation by regulated
network monopolies.
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to the panels transforms the electricity from direct current (DC) to alternating current (AC).

Produced electricity is first used within the house after-which surplus electricity is exported to the

grid. Electricity is a homogeneous product so the experience of using electricity produced from

solar panels is no different to electricity from any other source. Even though production from solar

panels is intermittent this has no effect on a household’s ability to use or their experience of using

power. Energy production is a function of the system’s capacity and a range of external conditions.

A system’s capacity is a function of the number and quality of panels installed and the size and

quality of the inverter. Per unit of capacity, production is then a function of the direction and tilt

of the panels as well as seasonal and climatic factors that affect irradiation and temperature. So for

example panels are less efficient on hot days and when there is cloud. Maximum output therefore

tends to occur on summer days that are clear but not hot.

To be connected to the electricity grid, a household with solar panels must apply to their

electricity distributor (the owner and manager of the poles and wires) and have a new metering

system installed. In Australia (as in other major solar installing nations such as United States and

Germany) electricity is typically metered on a net basis. A net meter measures electricity entering

and exiting the premises. Thus only exports and imports of electricity are tracked. Electricity

from solar panels that is used within the house and not exported is not metered. In Victoria

all households are fitted with smart interval meters recording electricity flow at the half hourly

frequency. For households with solar panels, exports and imports are therefore recorded every 30

minutes.

Net metering tracks what households export and what they import. These meters support

a billing system which credits households for electricity they export and charges households for

electricity they import.7 In general the price a household receives to export is different to the

price they pay to import. The export price a household receives is determined by enrolment

in a government feed-in tariff program. Program eligibility is primarily a function of date of

installation though other technical requirements also exist. Programs guarantee households a given

rate for their exports over a set period of time and were initially used as a mechanism to subsidise

solar installation. As the cost of solar panels has declined, so too have the subsidies available

to households who install them. In Victoria, feed-in tariff rates have declined from 60c/kWh for

households who installed before 2011 to 8c/kWh or lower for households installing after 2013 (the

7As opposed to gross meters and gross feed-in tariffs that track and bill for production and consumption.
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cost of importing electricity at peak times is approximately 25-30c/kWh).8 Because feed-in tariffs

are guaranteed for several years, some households are paid 60c to export electricity whilst others

are simultaneously paid only 8c. In addition, because net feed-in tariffs only pay for electricity that

is exported, and hence electricity not consumed within the house, households enrolled in different

feed-in tariff programs face very different consumption incentives.

To explore the impact of feed-in tariffs on household incentives I outline a general model of

demand for a household facing a net feed-in tariff. Consider a neo-classical consumer with the

following (well behaved) per-period utility function:

U = ν(q) + g(a) (1)

where q is electricity consumption and a is the numeraire. Households earn revenue from solar pan-

els and have non-solar income y0. Under a net feed-in tariff income depends on solar production s

and consumption q. Assuming an interior solution, the household trades-off electricity consumption

for the numeraire such that their budget constraint is satisfied:

a = y0 + 1(s > q)× f(s− q)− 1(q > s)× r(q − s) (2)

where f is the feed-in tariff, r is the cost of importing and 1() is the indicator function. The second

term reflects a household’s feed-in tariff revenue if they are exporting (if s > q). The third term

reflects the cost of electricity if a household is importing (if q > s). Substituting in to the utility

function:

U = ν(q) + g
(
y0 + 1(s > q)× f(s− q)− 1(q > s)× r(q − s)

)
(3)

8From 2013 households installing solar panels are paid a Minimum feed-in tariff where the rate is determined annually
by the Essential Services Commission.
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Then the consumer’s demand function9 must satisfy:

q(p,m) :


ν ′(q)− fg′(y0 + f(s− q)) = 0 if s > q

ν ′(q)− rg′(y0 − r(q − s)) = 0 if q > s

(4)

More generally the neo-classical consumer’s demand function must satisfy:

q(p,m) : ν ′(q)− pg′(y0 − pq + ps)) = 0 for p =


f if s > q

r if q > s

(5)

The neo-classical consumer responds to price p = {r, f} and solar income m = ps. This income

m accounts for the fact that the household has an endowment of electricity s that is valued at

current price p.10 In other words, it accounts for the value of the electricity that the household has

produced at zero marginal cost.

The effect of different net feed-in tariffs on the household’s budget set it depicted in Figure 1.

Panel (a) depicts the budget set of a household who faces a feed-in tariff f less than the cost of

importing (f < r). Panel (b) depicts the budget set of a household who faces a feed-in tariff f

that is greater than the cost of importing (f > r). Focussing on the example on the left. If solar

production is zero then the household can buy up to y0 units of the numeraire or if they spend all

their income on electricity they can buy y0/r units of electricity. Now assume that a household’s

panels produce s units. If a household exports all this solar power (and therefore consumes no

electricity) they can purchase a total of y0 + fs units of the numeraire. Every unit of electricity

they consume up to the level of solar production s reduces their total feasible expenditure on the

numeraire by f units. Hence the slope of the budget set for q < s is −f . If on the other hand

the household consumes all their solar power and spends their entire budget on electricity they can

consume (y0/r) + s units of electricity. If they consume one unit less electricity they can buy r

units of the numeraire. The slope of the budget set is thus −r in this region. The right hand panel

9These expressions are known as conditional demand functions because they are conditional on consuming at a
level above or below s. The consumer’s unconditional demand function specifies the unconditional choice over whether
to consume above or below s as well as how much to consume given the implied price. For households with f < r
the unconditional demand function also includes the possibility that the household consumes at the point q = s. For
households with f > r it is never optimal to consume at the kink point. To illustrate how net feed-in tariffs affect
marginal price and income I focus on the conditional demand functions.

10This income is similar to what has been called virtual income, difference or a rate structure discount in the literature
on labor supply and water and electricity demand in the presence of non-linear price schedules (Olmstead et al., 2007;
Moffitt, 1990; Reiss and White, 2005).
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depicts the same trade-off for a household with a different feed-in tariff f but the same non solar

income, import cost and solar production.

The model and budget sets demonstrate two things: first, the feed-in tariff is the implicit price of

consumption (the slope of the budget line) when a household exports. Second, as solar production

increases the solar endowment and hence solar income also increases (the entire budget set shifts

out). Because money is fungible any change in consumption as a result of changes in solar income

should be commensurate with the response to changes in non-solar income which also shift the

entire budget set. In what follows I will use three main sources of variation to identify the effect of

changes to price and solar income. The budget sets help to demonstrate the implications of these

sources of variation.

The first source of variation is the result of solar production. For a given level of consumption

variation in solar production causes variation in whether a household imports or exports. Focusing

on the left hand panel of Figure 1: consider a household producing s units and consuming s < q < s′

units of electricity. This household is importing electricity and faces price r. Now assume that solar

production increases to s′. For the same level of consumption q this household is now exporting

s′ − q units of electricity and faces the export price f . The change in solar production thus causes

variation in price across hours within a household and across households within a feed-in tariff

program. Variation in solar production also causes variation in solar income without necessarily

changing whether a household imports or exports. Once again focussing on the left hand panel of

Figure 1: consider a household producing s and consuming at q < s, this household is currently

exporting. Now assume solar production increases to s′: if the household continues to export their

price has not changed, but their exports and solar income have changed. This, and the fact that

some households are paid a feed-in tariff equal to their import price will allow me to distinguish

between the effect of price and income changes.

The second source of variation I will exploit arises because the date of installation causes

variation in feed-in tariffs across households. So for example given the same level of solar production

and consumption, the household in the left hand panel consuming at q < s faces a very different

price and income to the households in the right hand panel. Third, variation in location and

historical meter type causes variation in retail prices across households causing the slope and

intercept of the portion q > s to differ across households (and for some across hours). These

three sources of variation will allow me to identify whether households are attentive to opportunity

cost, and whether consumption is responsive to solar income. Before I outline in detail how I will
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use these sources of variation I outline the data to be used and discuss descriptive evidence on

household behaviour.

3 Data and descriptive evidence

3.1 Data

This paper utilises data from six different sources. These data are: interval meter data (electricity

imports and exports), price data, weather and satellite data, solar production data, census and

voting data and national survey data.

The primary data source is an unbalanced panel of half-hourly meter reads from a set of 529

Victorian households with solar panels covering the period January 2012 to June 2013. This

sample comes from a small online-only retailer. For this set of households I also observe postcode,

distribution zone, network tariff and plan type, feed-in tariff program enrolment and a Statistical

Area Level 1 (SA1) identifier (the smallest spatial scale for which Census data are available). I

drop any household for whom I do not observe postcode.

The Victorian retail electricity market is not price regulated.11 For each household I observe

meter type, distribution zone and plan choice. Using this information I match each observation to

price data from two sources. First, I use price data from the Essential Services Commission’s price

comparator website for the period January 2012- June 2012. The Essential Services Commission

(ESC) is the regulatory body with oversight for retail electricity in Victoria.12 The second source

of data I use comes directly from the retailer’s website (available for July 2012-June 2013). In

Appendix A1 I verify the price data using invoice data from a separate set of households without

solar panels.

I use the centroid of a household’s postcode to match the meter data to weather observations

from 358 Bureau of Meteorology (BoM) weather stations. For these weather stations I observe

ground measurements of 3 hourly temperature, intra-day cloud coverage as well as daily rainfall. I

also match each household to gridded hourly solar irradiance measures derived by the BoM from

satellite observations. I observe global horizontal irradiance (GHI) and direct normal irradiance

(DNI) for 18 000 grid points across the state.

11Distribution and transmission (networks of poles and wires) are upstream privately owned regulated natural monop-
olies.

12The ESC maintains quality oversight and licenses electricity retailers.
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Weather and satellite data are used for two purposes. First, they are used to construct a measure

of solar production for each hour and household in the sample. To do so I utilise a separate source

of hourly solar production data covering the period January 2012-December 2013. The data are

sourced from PVoutput.org, a public website enabling individuals with solar panels to upload and

share their solar production data. For this group of individuals I also observe system capacity,

installation date and latitude and longitude. Appendix A2 provides further detail on the data and

the method used to predict solar production.13 Second, weather data are used as controls in the

econometric model.

Table 1 presents descriptive statistics of the main variables of interest by feed-in tariff program

and for the sample as a whole. The first panel presents means and standard deviations for the raw

data. The second panel presents means and standard deviations for derived variables: consumption,

solar production and solar capacity. A household’s feed-in tariff program is determined by the date

of installation. Households receiving the Provisional feed-in tariff (60 FIT =60c/kWh) installed

solar before the end of 2011. Households receiving the Standard and Transitional feed-in tariff

(1:1 FIT = import price and 25 FIT = 25c/kWh respectively) installed solar before the end of

2012. The Minimum feed-in tariff (8 FIT =8c/kWh) is open to any household installing solar from

January 2013.14 Thus households who installed earlier receive higher feed-in tariffs. Table 1 shows

that there is no clear pattern indicating that households who did adopt earlier are distinctively

different to those who adopted later. The exception is location of residence. Overall approximately

70% of the sample reside in Melbourne whilst 85% of the earliest adopters reside in Melbourne.

Average peak price is 31c/kWh whilst average off peak price is 14c/kWh. The mean import price

across peak and off peak between 9am and 5pm is approximately 25c/kWh (not reported).

Using the SA1 identifier I match households to demographic information from the 2011 Aus-

tralian Census and 2013 Federal Election results. Columns 1-4 of Table 2 report demographic

characteristics for each feed-in tariff group, for the sample as a whole (column (5)) and for the

state as a whole. Households in different feed-in tariff programs do not appear to live in neighbour-

hoods that differ on observable characteristics. In my baseline estimates I will therefore take feed-in

tariff program as exogenous. In subsequent estimations I allow for the possibility that feed-in tariff

13I permanently drop 20 households with Two Rate network tariff assignment, 54 households who are estimated to
consume more than 75kWh in a single day and 2 households who record exporting overnight. I drop any observation
between 9am and 5pm for which satellite irradiance measures are not available. I also drop any date for which estimated
consumption is less than 2kWh and any hour that estimated consumption is negative or zero.

1425 FIT and 1:1 FIT differ in their eligibility criteria, 1:1 FIT was accessible to households installing larger capacity
solar PV as well as to non-solar distributed generation. The obligation to fund feed-in tariffs also differs by program. 60
FIT and 25 FIT were funded by regulated distributors, 1:1 FIT and 8 FIT are funded by retailers.
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program is endogenous.

Balance on observable characteristics across households in different feed-in tariff programs is

important for internal validity. For the purposes of external validity it is important that the sample

is representative of the broader population. If they are not representative then a test of whether

they are responsive to opportunity cost has relevance for feed-in tariff policy but may not provide

more general insights into household behaviour. There are many reasons to believe that solar

households differ to non-solar households. For example, barriers to installation on rental properties

may mean that the solar installing households are more likely to be owner-occupiers and have higher

incomes. They may also have stronger environmental preferences and be more highly educated.

Comparing column (5) and (6) of Table 2 provides some insight into how different the sample is

from the state population. Relative to the state average, the sample live in neighbourhoods with

larger houses, with a greater proportion of separate dwellings and higher incomes. On the other

hand they live in neighbourhoods where there is a lower proportion of households with a Bachelor

degree, a lower proportion of houses that are owned outright and lower support for the Australian

Greens party (a measure of environmental preferences).

Appendix Table A.4 shows observable characteristics (at the household level) of solar and non-

solar households from a separate nationally representative survey undertaken on behalf of the

Australian Energy Regulator (AER, 2015). Solar households again appear to differ on a number

of dimensions. They are more likely to have air conditioning, insulation and energy saving devices,

and are also more likely to live in a separate dwelling and a larger house. On the other hand

they are less likely to live in a capital city and to be full time employed and are older. In fact,

solar households are similar along a number of dimensions including household size (number of

residents), income and education. In sum, though solar households do appear to differ along a

number of dimensions these differences do not suggest that solar households are a much wealthier,

better educated and more environmentally conscious sub-population.

3.2 Descriptive evidence

Before I lay out the empirical strategy it is worth briefly highlighting some puzzling consumption

patterns. These consumption patterns suggest either that households might be inattentive to

opportunity cost or that their response to solar income is non-standard. Figure 3a plots mean

consumption across hours of the day for households on the 60c FIT (60 FIT, solid line) and 8c FIT
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(8 FIT, dotted line) for very sunny days (black lines) and very cloudy days (grey lines). On very

sunny days households on the 60 FIT consume more at all hours of the day than households on

the 8 FIT. Thus households who face a high opportunity cost consume more than households who

face a low opportunity cost. On very cloudy days we observe the opposite pattern: households on

the 60 FIT consume less than households on the 8 FIT for all hours of the day. Thus it is not

the case that 60 FIT households always consume more than 8 FIT households. Even if we just

compare consumption within feed-in tariff group, 60 FIT households appear to consume relatively

more when the opportunity cost is highest. The pattern is less clear for 8 FIT households: on

sunny days these households seem to consume less during the middle of the day on sunny days,

and more in the afternoon on sunny days.

The next plot shows a more nuanced picture, this time focusing on the relationship between

consumption and net-imports. Figure 3b plots consumption against net imports within feed-in

tariff group. The solid line plots the consumption of households with a high opportunity cost

when they are exporting (60 FIT). The dotted line plots the consumption of households with a

low opportunity cost when they are exporting (8 FIT). The dashed line plots the consumption

of households with an intermediate opportunity cost (for some in this group there is no difference

between the opportunity cost and the import price (1:1 FIT), for others this difference is very small

(25 FIT)). Mean consumption in all groups is relatively low when households are exporting, and

relatively high when households are importing. This reflects the fact that households only import

when their consumption is higher than their production and that peak consumption (typically

around 4pm) occurs at a time of relatively low production because of the angle of the sun. Figure

2a shows that there is a discrete jump in the opportunity cost of consumption for 60 FIT and 8

FIT households at the point at which they begin to export (at zero net imports). In the region

where this change occurs 60 FIT households consume less on average than 8 FIT households. In

particular the average consumption of 60 FIT households is less than 8 FIT households in the region

immediately to the left of zero net imports. Thus consumption patterns in the immediate vicinity

of zero net imports do suggest that households are attentive to opportunity cost: households on

60 FIT face a much higher opportunity cost than households on 8 FIT and they consume less on

average.15

A different picture emerges however as households begin to export more. Once households are

15Consumption of 60 FIT households is also lower than 25 & 1:1 FIT households however 25 FIT households consume
more than 8 FIT households; however there also appear to be level differences between 25 & 1:1 FIT households when
households are importing.
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exporting about 0.7kW the mean consumption of 60 FIT households increases whereas the mean

consumption of 8 FIT households remains roughly constant. One explanation for this pattern of

consumption is an income effect. Figure 2b depicts the relationship between solar income and net

imports. In particular it shows that solar income increases relatively steeply with exports for 60

FIT households but remains relatively flat for 8 FIT households. Changes in solar income for these

two groups appear to be highly correlated with changes in consumption. As further evidence for

the income effect note that the opportunity cost of consumption does not change for households on

1:1 FIT or on 25 FIT however as they export more, their income increases. Figure 3b shows that

consumption of this group also increases as they export more.

From the descriptive evidence it is unclear whether household behaviour is consistent with

attention to opportunity cost. On the one hand households who face a high feed-in tariff consume

more on days when the opportunity cost is highest. On the other, income from solar panels is

also highest at these times. The observed patterns could therefore reflect an income effect. A

final explanation is that household consumption differs across these days because of unobserved

differences that are correlated with feed-in tariff program, such as air conditioning use. In general

there are a range of reasons why the observed patterns of behaviour may not reflect the causal

impact of price and income. These endogeneity concerns will be addressed in the next section. In

what follows I outline an econometric model of electricity consumption and specify how I construct

the test of opportunity cost. I then go on the discuss my identification strategy.

4 Estimation strategy

I model demand as a linear function of prices and income.16 At hour h of day d I assume that

household i consumes:

qihd = ηhpihd + γYihd + αg + δhWihd + εihd (6)

The parameter ηh governs the price-sensitivity of electricity demand and is allowed to vary by hour

of day h. The parameter γ captures the effect of total income Yihd (solar and non-solar income) on

consumption. In this model, time-invariant household heterogeneity at the group level is captured

16The most common functional forms for household electricity demand are log-log or linear. A log-log specification
is incompatible with the idea that households believe solar electricity is free and therefore has zero opportunity cost.
A linear functional form allows for this possibility. Clearly many other representations of demand are feasible. As a
robustness exercise I impose a log-linear functional form and reach the same conclusions.
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by the term αg. Consumption of electricity also varies with characteristics such as weather which

are captured in the matrix Wihd.17 Demand for electricity is also subject to consumption shocks

εihd.

4.1 Opportunity cost

To explore whether households respond to the opportunity cost of their consumption let ∆ocihd

be the difference between the household’s import rate rih and their feed-in tariff such that: fi =

rih + ∆ocihd. Thus households with a feed-in tariff above their import rate have ∆ocihd > 0 (i.e.

opportunity cost increases) when they export whilst households with a feed-in tariff below their

import rate have ∆ocihd < 0 (i.e. opportunity cost decreases) when they export. Households with

a feed-in tariff equal to their import rate have ∆ocihd = 0 at all times. Then I can re-write demand

as:

qihd = ηh(rih + ∆ocihd) + γmihd + αg + δhWihd + εihd

where

∆ocihd = 1(sihd > qihd)× (fi − rih)

mihd = sihd × [1(sihd > qihd)× fi + 1(qihd > sihd)× rih]

αg distribution zone effects

In this model I capture differences in time-invariant non-solar income at the distribution zone level

in the fixed effect αg.

To test whether households are responsive to opportunity cost I allow parameter ηh to vary:

qihd = ηh,1rih + ηh,2∆ocihd + γmihd + αg + δhWihd + εihd (7)

17The effect of weather (δh) is assumed to depend on hour-of-day h but assumed to be the same across households.
This assumption will be relaxed in a robustness check to account for the possibility that air conditioning demand is
correlated with feed-in tariff program. In practice the model is estimated using hour-of-day by heating and cooling
degrees. A heating degree is a proxy for the electricity required to heat a home. It is the positive difference between 18C
and ambient temperature. A cooling degree is a proxy for the amount of electricity required to cool a home. It is the
positive difference between ambient temperature and 24C.
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The neo-classical consumer responds to the implicit price fi = rih + ∆ocihd in the same way they

respond to a change in the explicit price rih. Therefore ηh,1 = ηh,2 if consumers are attentive to

opportunity cost. In the following subsections I outline in detail the identification of the demand

parameters. Before doing so I briefly outline how I explore household responses to solar income.

4.2 Solar income

In (7) γ captures the effect of current income on household consumption. To further explore how

households respond to solar income I allow consumption to be affected by two different measures of

income: me
ihd andm

u
ihd. The first measure me

ihd accounts for the household’s average hourly income

for the previous 30 days generated during daylight hours. This specification allows for households

to respond to income across all hours of the day (including overnight) and is intended to capture a

very simple measure of a household’s expected or anticipated income. In this model cross-sectional

differences inme
ihd identify the effect of average differences in solar income across households. In the

model with household-hour effects differences in me
ihd identify anticipated changes in solar income

within a household. According to the permanent income hypothesis anticipated income should have

no effect on consumption within the household. Despite this, many studies find that anticipated

income changes do affect consumption (Jappelli and Pistaferri, 2010) and that compared to larger

changes, small additions to income are more likely to be consumed rather than saved (Feldman,

2010).

The second measure of income mu
ihd is intended to capture how households respond to con-

temporaneous income shocks or unexpected income mu
ihd. I construct this measure by taking the

difference between income in hour h of day d and the average income in that hour for the previous

30 days. A number of papers demonstrate that household consumption responds strongly to wind-

fall gains and in particular that the marginal propensity to consume out of small windfall gains is

higher than out of larger windfall gains (see for example Milkman and Beshears (2009)).

Ideally I would observe variation in non-solar income equivalent to the type of variation in solar

income that I observe. This would allow for a formal test of whether households treat solar income

as fungible with other money. Unfortunately this is not the case. Instead, I observe non solar

income yi at the census SA1 level. This measure is assumed to capture differences in permanent

income across households. If household behaviour accords with the permanent income hypothesis

then the response to expected income me
ihd (identified in the cross section) should be consistent
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with responses to permanent income. To explore whether this is the case I estimate:

qihd = ηhpih + γ1yi + γ2em
e
ihd + γ2um

u
ihd + δhdWihd + εihd (8)

and compare γ1 to γ2e. In case my measure of non-solar income yi does a poor job at capturing

variation in income across households I also compare the estimates to income elasticities found in

the literature.

4.3 Identification

To identify the parameters of the two models I must overcome three identification problems. First,

that price and income are determined simultaneously with consumption. Second, that households

choose retail price plans and third that feed-in tariffs are determined by when a household installs

their solar panels.

4.3.1 Simultaneity of export and consumption

A household exports if their consumption (qihd) is less than the total amount of electricity their

panels are producing at the same time (sihd).18 This means that price and income are determined

simultaneously with consumption and hence are potentially correlated with idiosyncratic shocks in

εihd. Intuitively, by consuming at level qihd a household simultaneously determines whether they

import or export and hence what opportunity cost they face and how much income they generate.

Shocks to consumption are therefore correlated with opportunity cost and income.

To overcome this simultaneity problem I use contemporaneous solar production sihd as an

instrument for whether a household is exporting. Within each feed-in tariff group solar production

is correlated with both opportunity cost and income. Consider a household consuming at qihd > sihd

and with a feed-in tariff below their import rate. This household’s current price is the import rate.

Holding consumption constant a reduction in solar production to s′ihd such that qihd < s′ihd decreases

the cost of their consumption. For the same level of consumption the effective price a household

faces is therefore determined by solar production.
18Thus the household effectively faces a non-linear or block price schedule where the level of solar production sihd

determines the length of the block. In practice there is a different price schedule for every instant of the day rather than
every hour as assumed here. Smart meters separately record the flow of electricity from and to the residence and report
the cumulative flows in half hourly intervals. Thus it is possible to observe both exports and imports for the same 30
minute interval. I aggregate 30 minute meter readings to the hourly level and determine price pihd based on a comparison
of total exports and imports within that hour. If imports exceed exports I assign the household the import price rih. If
exports exceed imports I assign the household the feed-in tariff rate fi.
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Exporting decreases opportunity cost for some households (with a feed-in tariff below import

rate), and increases opportunity cost for others (with a feed-in tariff above import rate). For some

households, exporting leads to no change in opportunity cost (households receiving a 1:1 feed-in

tariff). For this reason I use solar production and an interaction between solar production within an

hour-of-day and feed-in tariff group membership as my set of instruments. Figure 5a demonstrates

the first stage relationship by plotting solar production and ∆ocihd by feed-in tariff group.19

As with price both mihd and mu
ihd are a function of whether a household is importing or

exporting. These income measures are also clearly a function of solar production. As intuition

for separate identification of price and income effects note that variation in irradiance and solar

capacity generates variation in solar income when price remains constant (for example because an

increase in solar production for someone who is already exporting does not change their price).

Finally, note that for households receiving a 1:1 tariff there is no change in opportunity cost so

changes in solar production are only associated with an income change for this group.

To demonstrate that there is sufficient within-hour variation in the data Figure 4 shows the

frequency of export and import across hours of the day for two solar system sizes. Households

with smaller solar system sizes face greater within hour-of-day variation in opportunity cost. On

the other hand households with larger system sizes will face greater variation in their endowment.

Regardless, all size groups are shown to be exporting and importing electricity with sufficient

frequency to identify within-hour price responses.

Solar production is not a valid instrument if it is correlated with shocks to consumption i.e.

E(εihd|sihd) 6= 0. The main potential threat to this assumption is the correlation between sunshine

and temperature. In general sunnier days tend to be warmer and warmer days cause households

to increase consumption independent of price (for example switch on an air conditioner).20 In

equation (7) δh captures the non-linear effect of temperature on electricity consumption.21 As a

robustness exercise I use lags of solar production sih,d−j (i.e. solar production at hour h of date

d − j) as alternative instruments. The regular pattern of irradiance throughout the day means

that lagged production sih,d−j and contemporaneous production sih,d are highly correlated. This

in turn induces correlation between sih,d−j and contemporaneous exports. Lags of solar production

19This gives me an exactly identified model. In the results presented I specify the dummy variable to indicate that a
household is a member of the 60 FIT group (has export price = 60c/kWh). I check that the results are robust to this
choice and also estimate a model with a full set of interactions (an over-identified model) between feed-in tariff group
and solar production within hour-of-day. I reach the same conclusions however instruments are not as strong.

20Ameliorating this effect somewhat is the fact that higher temperatures reduce solar panel performance
21The effects of temperature can easily be identified separately because of variation in ∆ocihd across households within

a given hour-date.

20



are valid instruments if they are weakly exogenous: that is, if E[sih,d−jεihd] = 0. If there is serial

correlation in εihd (for example because weather shocks are serially correlated) then lags need to be

of an order larger than the correlation. In practice I find no evidence of serial correlation in εihd at

the 24th, 48th or 72nd order lag. I thus implement (7) using a variety of lags of solar production

as instruments and present estimates using a 48 hour lag.

4.3.2 Selection of import-price plans

I observe variation in import prices across and within households. There are three main sources of

variation across households. The first two are driven by differences in underlying regulated network

charges which retailers pass through to customers. Network tariffs vary across distribution zones

due to differences in capital investment and costs of network operation. Network tariffs also differ

by the historical meter type of the household. Finally, import prices differ by plan type which is

chosen by the household. Plans differ in terms of payment facilities and billing frequency and are

associated with discounts off the underlying standard rate.

Variation across distribution zones is exogenous if there are no characteristics of households that

are correlated with location and consumption. This is reasonable if the solar-installing population

is fairly homogeneous. To guard against time-invariant characteristics at the zone level I specify

αg in (7) as a zone fixed effect. I also implement a robustness check where I restrict the sample to

households living within Melbourne and in a separate robustness check I specify both household and

household-hour fixed effects. I take variation from historical meter types within distribution zones

to be exogenous. As part of the mandatory roll-out of smart meters, all households in the estimation

sample have interval meters recording consumption at the 30 minute frequency. Network tariffs

however are based on a household’s pre-roll-out meter type. In particular their historical meter

type determines whether the household has a Single Rate or a Time of Use network tariff. These

network tariffs in turn drive variation in the retail cost of electricity faced by a household. This

variation would be endogenous for example if households with electric hot water or other household

characteristics were historically allocated different meters and this historical characteristic affected

consumption today. This is unlikely as these households were generally placed on Two Rate tariffs

with a dedicated circuit and such households are dropped from the sample.

Variation due to plan type is endogenous if household preferences for billing arrangements or

other characteristics affecting plan choice are correlated with consumption. This may be the case if

some households avoid direct debit due to cash flow constraints or if there is heterogeneity in price
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sensitivity. The solar installing population is likely to be more homogeneous than a larger subset

of households. However, to address the endogeneity concern I present results using the variation

from the underlying network tariff (determined by zone and meter type) as an instrument for final

import price.

The final source of import price variation is within household. Import price varies within

and across days for 86% of households on time-of-use rates (453 households). Time of use rates

charge households a lower rate for consumption at off peak times which is 11pm-7am weekdays

and Saturdays and Sundays. In addition, I observe some price variation from changes in the

retailer’s tariffs over the course of the sample period. These sources of variation allows me to

specify models with household fixed effects (αi) and household-hour fixed effects (αih). I control for

hour-by-weekend/weekday effects to ensure that my results do not conflate underlying differences

in weekday/weekend demand. In such a specification the parameters are identified from variation in

the difference between peak and off peak rates across households and variation in solar production

within households.

4.3.3 Selection of feed-in tariff

Finally, feed-in tariff program enrolment is a function of date of installation. Households who

installed solar panels earlier receive higher feed-in tariffs. In Australia feed-in tariffs have been

used as a mechanism to subsidise solar panel installation. As the cost of solar panels dropped, so

too have the feed-in tariffs offered to those who installed them. Even with feed-in tariff program

fixed effects, estimates would be biased if characteristics of households that are correlated with

installation date or feed-in tariff cause time varying differences in electricity consumption. As feed-

in tariffs decline for example households who consume more electricity during the day are more

likely to benefit from installing solar panels. Thus underlying patterns in electricity consumption

could be correlated with feed-in tariff. I therefore allow for differences in the hourly consumption

of households on different feed-in tariffs. I also implement both household and household-by-hour

effects.

A second possibility is that solar installation date is correlated with differential air conditioning

penetration. On the one hand early adopters may have strong environmental preferences and hence

may be less likely to have or use air-conditioning. On the other they may be wealthier and more

likely to have and use air conditioning. I therefore implement a specification allowing household

response to temperature to differ by feed-in tariff group.
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Finally I instrument for feed-in tariff program using geographic variation in solar productivity.

In doing so I follow Duflo and Pande (2007) and Lipscomb et al. (2013) who use geographic

characteristics such as land gradient as an instrument for time and location of dam construction.

Figure 7b shows that mean solar irradiance is positively correlated with feed-in tariff. Specifically,

it plots feed-in tariff partialling out the effect of living in Melbourne.22 The mechanism for this

instrument is as follows: feed-in tariffs have fallen over time thus early adopters have higher feed-in

tariffs. Mean solar irradiance is correlated with feed-in tariff if households who will produce more

electricity from their panels (as measured by mean irradiance) are likely to adopt earlier for example

because the pay back periods are more attractive. The Melbourne indicator variable allows me to

isolate variation in solar productivity across households in otherwise similar locations.

To operationalise the instrument I adopt a three step process. First, I use variation in solar

productivity due to geography and contemporaneous solar irradiance to explain solar production

within feed-in tariff group and hour. This generates variables F̂ij × sihd and ŝihd which are used

in the second stage to instrument for the change in opportunity cost ∆ocihd and income mihd.

Finally ∆ôcihd and m̂ihd are then used to estimate the parameters of the demand function. I

cluster bootstrap to generate standard errors that account for serial correlation within household

and that account for the three step estimation process. The three step estimation strategy is:

22The slope of the line thus represents the correlation between irradiance and feed-in tariff within location where
location is either “Melbourne” or “Rest of state”. This accounts for the fact that the cross-state variation in irradiance
dwarfs the within Melbourne variation in irradiance where most of the sample is located. An alternative would be
to restrict the same to Melbourne or to allow the effect of irradiance to differ within Melbourne. Neither alternative
qualitatively changes the results.
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Step 1 :

sihd = β1GHIi + β2GHIihd + β3Melbi + Π1Xihd + κ1,ihd

Fij × sihd = β1GHIi + β2GHIihd + β3Melbi + Π2Xihd + κ2,ihd

Step 2 :

∆ocihd = β4
̂Fi × sihd + β5ŝihd + Π3Xihd + κ3,ihd

mihd = β6
̂Fi × sihd + β7ŝihd + Π4Xihd + κ4,ihd

Step 3 :

qihd = ηh,1rih + ηh,2∆̂ocihd + γm̂ihd + δhWihd + εihd

where GHIi is the average solar irradiance for household i whilst GHIihd is solar irradiance for i

at hour h of day d derived from satellite data, Melb is an indicator for Melbourne and Xihd are

the remaining exogenous covariates from equation 7. In practice I also instrument for import price

rih using variation from underlying network tariffs.

5 Results

The main results are provided in Tables 3 and 4. Table 3 presents results from estimating equation

(7) whilst Table 4 presents results from estimating equation (8). In all models ηh,1 and ηh,2 are

estimated separately. The main difference between the Tables is the treatment of income effects.

Table 3 reports results controlling for current solar income: column (1) reports results with zone

fixed effects; column (2) adds hour-of-day by feed-in tariff program effects; column (3) adds an

instrument for import price. Finally column (4) adds an instrument for feed-in tariff program

(and removes zone and hour of day by feed-in tariff effects). Table 4 reports results controlling

for expected and unexpected solar income as well as a measure of long run income. For a direct

comparison between income specifications column (1) reports results with zone and hour-of-day by

feed-in tariff fixed effects. Column (2) adds in a measure of long run income and removes zone

fixed effects; column (3) controls for current solar income instead of expected and unexpected solar

income. Finally column (4) controls for household by hour of day fixed effects. All standard errors
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are clustered at the household level.23 Instruments for ∆ocihd are strong for all hours from 7am.

Instruments for import price and the two income variables are also strong across models.24

5.1 Opportunity cost

In this section I discuss the results of the test of whether households respond to opportunity cost.

I focus on results in Table 3 however the conclusions from Table 4 are identical. This test is based

on comparing how households respond to import price with how they respond to an implicit price

or opportunity cost in the same hour of the day. Because electricity is a homogeneous product,

if households are attentive then these responses should be equal. I plot coefficients estimated for

hours 7am-5pm.25

Figure 6 plots the results presented in columns (1) and (2) of Table 3. Within each panel the top

figure plots confidence intervals for the coefficients. The parameter η1,h measures the response of

households to variation in the cost of importing electricity for each hour of daylight. The parameter

η2,h measures the response of households to changes in the opportunity cost of their consumption.

The bottom figure then plots the 90% confidence interval for the difference η̂1,h − η̂2,h.26 Under

the null hypothesis that households are attentive to opportunity cost this difference is zero. The

p-value for the joint significance test that the difference is zero in all hours is also reported.

The top of Panel 6a plots the estimates of η1,h and η2,h coefficients where group effects αg are

at the zone level. The coefficients are estimated using within and across household variation in

import and export prices. Estimated coefficients are negative, significant, and confidence intervals

overlap across all hours of the day. The bottom of Panel 6a plots the confidence interval for the

difference for each hour of daylight. The null hypothesis that households respond to implicit price

in the same way they respond to the import price cannot be rejected for any hour. The p-value

for the joint significance test is 0.37. This indicates households are responsive to opportunity cost.

Panel 6b plots the estimates where I also allow for differences in consumption at each hour of

the day for households within each feed-in tariff program. Once again estimated coefficients are

23Standard errors are cluster bootstrapped in the three step IV strategy (results reported in column (4) of Table 3.)
24The strength of instruments is judged by calculating the F statistic outlined in Angrist and Pischke (2008) for multiple

endogenous variables and applying the Staiger and Stock (1997) rule of thumb that. For the model instrumenting for
feed-in tariff the F test is undertaken independently of the cluster bootstrap process. In this instance I assess the strength
of instruments for each of the stages.

25All models and tests were specified with ηh,2 coefficients for hours 6am - 6pm however wide confidence intervals for
these hours make plotting impractical.

2690% confidence intervals are chosen in order to be conservative in failing to reject the null hypothesis that households
are attentive.
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negative, significant and not statistically different. I cannot reject that households are attentive to

opportunity cost.

In Figure 7 I present estimates instrumenting for import price using a household’s pre-discounted

price. Variation in this underlying price is driven by regulated network charges and is plausibly

exogenous to household level characteristics and shocks to consumption. The bottom panel plots

the difference between the estimated coefficients. For a considerable portion of the day households

are found to respond more to the change in opportunity cost than to the explicit price (certainly

not evidence that households are inattentive to this change). Overall the conclusion of the test

(p value 0.558) is the same: households are responsive to the change in opportunity cost associ-

ated with exporting. The final identification problem arises because of selection into feed-in tariff

program. As outlined above, I adopt a three step instrumental variables strategy using average

solar irradiance as an instrument for feed-in tariff program. Higher average irradiance should lead

to earlier solar adoption which determines feed-in tariff program and hence export price. Results

from this estimation are presented in Figure 7b. Standard errors are cluster bootstrapped with

200 replications. The model uses hourly irradiance to instrument for whether the household is

exporting, network tariffs to instrument import price and average irradiance and latitude and lon-

gitude to instrument for feed-in tariff group. Note that using hourly irradiance instead of solar

production also ensures these estimates are robust to differences in solar size across feed-in tariff

program. The conclusions from this specification are unchanged: households are as responsive to

the implicit price of consumption as they are to the explicit price of consumption. This leads me

to conclude that households are attentive to opportunity cost and they do not treat consumption

of solar power as “free”.

5.2 Solar income

I find that households are responsive to opportunity cost yet they are excessively responsive to

variation in their solar income. Table 3 shows that consumption is immediately responsive to

variation in income (Current income): income generated within the same hour. The estimated

effect of Current income is stable across models that account for differences in consumption at

each hour of the day across feed-in tariff programs and that instrument for import price and for

feed-in tariff program. Interpreting the coefficient in column 1 of Table 4: a 10c (30%) increase in
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current solar income will lead to a 0.1kWh (10%) increase in current consumption.27 For context

a typical split system air conditioner run for an hour would consume approximately 1.5kWh whilst

a load of washing consumes approximately 1.3kWh.28

In Table 4 I separately identify household responses to anticipated and unanticipated income.

The estimated income effects are relatively stable across models. The variable Expected income

measures average hourly solar income (measured in cents) for the previous 30 days from 9am-5pm.

In this specification anticipated income affects consumption uniformly in all hours of the day. The

variable Income shock measures the difference between current hourly income and average income

for that hour for the previous 30 days.29 This income effect is hour-specific in that it captures

the within hour change in consumption associated with an unexpected change in current solar

income.30 This latter variable therefore captures the immediate “feel rich” effect of an unexpected

increase in solar income.

The magnitudes of the estimated income effects are once again extreme. As for Current income

the coefficient on Expected income in column (1) of Table 4 suggests that a 25c increase in average

hourly solar income will lead to a 0.25kWh increase in hourly consumption. To put this in context

this is equivalent to an increase of $14 in weekly income or approximately 1% of weekly (median)

income measured at the census SA1 level.31 Average hourly consumption is approximately 0.7kWh

so the implied elasticity with respect to total income would be extreme. The coefficient on Income

shock in column (1) of Table 4 suggests that an unexpected 25c increase in hourly solar income

increases consumption in that hour by 0.87kWh. Households thus appear to consume more in all

hours when their recent or expected income is higher, but also to consume more in specific hours

when their income is unexpectedly high.

The implied income elasticities are well in excess of any reasonable estimate of an elasticity.

In a meta-analysis Espey and Espey (2004) find the mean estimated short run income elasticity

is 0.28 with the highest elasticity being 3.48. The mean of long run elasticities is around 1. The

implied elasticities estimated here are well above this range. An elasticity of 1 would suggest that

a $14 increase in weekly income would lead to a 0.007kWh increase in consumption. The same

27Average hourly consumption during solar producing hours is approximately 1kWh (for the full sample approximately
0.7kWh) and average solar income for the same is approximately 30c.

28http://tools.switchon.vic.gov.au/appliance-calculator/tools-appliance-calculator
29For hours outside of daylight Income shock is always zero.
30Estimates of ηh,1 − ηh,2 are qualitatively unchanged using alternative specifications of income including aggregating

Expected income with SA1 census level median weekly income (though this aggregated income variable is insignificant).
31Average weekly income reported for the sample is reported in Table 2. Expected income is measured as the average

hourly income over the previous 30 days during the hours 9am-5pm. At the weekly level a 25c increase in Expected income
is 25*8*7 = 1400 or $14.
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increase in solar income results in a 0.25kWh increase in consumption.

It is also possible to compare how consumption varies in response to non-solar income measured

using cross sectional variation in census data. Cross sectional measures of income can be taken

to reflect long run differences in income. Expected income is also identified off of cross sectional

variation and, if households are forward looking, can be interpreted as a long run income effect. In

specifications with zone fixed effects are assumed to capture time invariant differences in income.

In columns (2) and (3) of Table 4 I include a measure of cross sectional differences in weekly income

(in AUD ’000) at the census SA1 level. In column (2) I control for expected and unexpected income.

In column (3) I control for current instead of expected and unexpected income. The point estimates

is both columns are positive and significant however the magnitudes of the implied income effect

are tiny relative to the effect of solar income. Note that Non-solar income is measured in units of

$1000 per week. The elasticity implied by income coefficient in column (2) is approximately 0.1

which is at the lower end of analyses of the long run effect on income on electricity consumption.

I next isolate variation in income within a household-hour-of-day.32 This reduces the magnitude

of the estimated income effects but nonetheless the effects of anticipated and unanticipated changes

in solar income are large and significant. The effect of a 25c increase in expected solar income leads

to an increase of 0.075kWh whilst a 25c income shock leads to a 0.225kWh increase in consumption.

The richness of the interval data also allows me to explore to what extent households respond

differently to solar income by time of day. In Table A.5 Appendix A5 I allow Current income and

Expected income to affect consumption differently in each hour of the day. In column (1) I specify

zone and hour by feed-in tariff program effects. In columns (2) and (3) I specify household by hour

effects. In columns (1) and (2) I find that higher Expected income across and within households

increases consumption throughout the day and early evening. In column (2) I find that higher

Expected income reduces night time consumption within a household suggesting the possibility

that higher Expected income leads households to substitute consumption away from night time and

towards daylight hours. Focusing on the hourly impact of Current income I find that the effects are

largest in the late afternoon/evening. These results indicate that consumption is most responsive

to income at times of peak consumption and not at times of peak production.

Several hypotheses for the pattern of income effects can be mounted and several discounted.

For example, households could be myopic or have trouble forecasting their solar income. However

myopia does not explain the magnitude of the response. The fact that households also respond

32With household-hour fixed effects identification of η1,h comes from differences between peak and off peak rates.
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strongly to temporary shocks may also indicate projection bias. Consistent with this hypothesis,

Lamp (2014) finds that the the decision to adopt solar panels is affected by temporary shocks to

sunshine. However projection bias again does not explain either the magnitude of the response or

the fact that households respond both to anticipated and unanticipated income.

Existing evidence also suggests consumers engage in mental accounting, category budgeting,

suffer from reference dependence and are influenced by labelling. Feldman (2010) finds evidence

for mental accounting in responses to lump sum versus incremental tax rebates. Beatty et al.

(2014) and Abeler and Marklein (forthcoming) find evidence that labelling affects spending pat-

terns and Hastings and Shapiro (2013) find that households violate the fungibility of money in

response to differential shifts in the price of different grades of gasoline. I find that solar income

causes households to consume more electricity on average. This finding is consistent with category

budgeting: income earned from exporting electricity is spent on electricity. However I also find

that households consume more within this category at the very same time that they benefit from

small income gains. If households are engaging in category budgeting this suggests that category

budgets may be both time and product specific. Such behaviour would be consistent with non

standard discounting such as present bias. It may also result from the salience of solar income.

Differences in the salience of solar income across and within days may also help to explain the

electricity consumption of solar households. Hastings and Shapiro (2013) following Bordalo et al.

(2013) use a model of salience to explain violations of fungibility in gasoline purchases. In this

model households place greater weight on more salient attributes of a decision. In electricity, Gilbert

and Graff Zivin (2014) find evidence that time-varying salience affects expenditure in household

electricity consumption over the course of a billing cycle. In Table A.5 I find that solar households

tend to consume more during the day when their average solar income over for the previous 30

days is high and that the effect of this Expected income on consumption overnight is negative. This

latter result is consistent with households substituting electricity towards daylight hours when the

salience of solar income is likely to be highest.33

Regardless of the underlying model, the fact that households appear to spend a very high

proportion of solar income on electricity consumption during daylight hours and within the period

that it is made has significant implications for policy. Before discussing these implications I briefly

outline the robustness of the results to a number of threats to identification.
33I find weak evidence that income earned during the day affects consumption that evening and find no effect on

consumption overnight. I also find no evidence of cross price effects on consumption overnight: households who face a
high average price during the day do not consume more overnight.
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5.3 Further robustness

The results are robust to a number of basic checks including alternative specifications of the demand

function, dropping solar installations greater than 5kW in capacity and using a different imputed

solar system size or model of solar production. Results of these robustness checks are not presented

for brevity. In this section I outline robustness checks that address some of the main threats to my

identification strategy.

The results presented in columns 2 and 3 of Table 3 (and columns 1-3 of Table 4) are robust

to differences in regular patterns of consumption across feed-in tariff groups. Then the parameters

are identified if there are no characteristics of households that are correlated with consumption

and feed-in tariff group that cause deviations from this regular pattern of use. One potential

such characteristic is air-conditioning. Air-conditioning use varies over time, is energy intensive

and fluctuates with weather. If having and using air-conditioning is correlated with feed-in tariff

program enrolment then the parameters are not identified. In column (4) of Table 3 I instrument

for feed-in tariff program and use solar irradiance as an instrument for whether a household is

exporting. Another strategy to demonstrate that my results are robust to this possibility is to

allow households within feed-in tariff groups to respond differently to temperature in the form of

heating and cooling degrees. In Appendix A5 I report results allowing temperature responses to

differ by feed-in tariff group whilst retaining zone and hour-of-day by feed-in tariff group effects

and instrumenting for import price. The conclusion remains the same: households appear to be as

responsive to implicit prices as they are to explicit prices and they respond strongly to changes in

income.

The next robustness check focuses on the possibility that the interaction terms between solar

production and feed-in tariff group are not valid instruments. The first reason that the instru-

ment may be invalid is that solar production may be correlated with contemporaneous shocks to

consumption. To address this concern I use a 48 hour lag of solar production instead of contem-

poraneous solar production as a set of instruments. Results of this specification are presented in

column (2) of Table A.6 (I also find that the conclusions do not change when I use irradiance (mea-

sured using satellite data) instead of production). I also estimate models including an indicator

for above average cloudiness in each hour of the day. The results hold. This gives confidence that

the exclusion restriction allowing me to use solar production as an instrument is valid and that the

correlation between solar production and sunshine does not render production endogenous. In the
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next section I will discuss the exclusion restriction in more detail.

Finally in Appendix A4 I show that the results are robust to an alternative specification of

the test where I directly estimate the willingness to pay for a unit of imported electricity and the

willingness to accept for a unit of exported electricity.

5.4 Alternative explanations

The results already presented suggest that households respond to the implicit price of their con-

sumption but are overly sensitive to the income their panels generate. In this section I briefly

consider and rule out several other explanations for the observed behaviour. I consider three possi-

bilities. First, I rule out an explanation that the additional utility from consuming solar generated

electricity results in the observed consumption patterns. Second, I rule out that the results are an

artefact of using predicted consumption as my dependent variable. Finally, I explore and rule out

the possibility that households respond to the average cost of their electricity and not to marginal

prices and income.

Households who install solar panels are motivated to do so by a concern for the environment.

In Victoria over the period in which households installed their solar panels the payback periods of

the investment were not sufficiently attractive as to merit installation on purely financial grounds

(though this is rapidly changing, Grattan (2015)). Consumption of electricity post-adoption is

therefore likely to be affected by a concern for the environment. One possibility is that households

derive greater utility from consuming solar generation than grid-based generation. This may be

because of a perception that the environmental impacts of consuming solar generation are lower.

In reality the environmental impact of consumption depends on the marginal emissions that the

exported generation would displace, so it is by no means true that substituting consumption to

times when panels are producing does reduce emissions. Regardless of the true emissions impact,

household perception of their impact may suggest that it is better to consume their own solar power

or they may feel less guilty about consuming power they know has been generated by their panels

and not by coal.

If households derive greater utility from consuming solar generation than grid-based generation

then they are likely to consume more as their panels produce more. The opportunity cost of con-

suming solar exports is increasing for some households and decreasing for others. A preference for

consuming solar power would result in a uniform increase in consumption regardless of the implicit
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price which would tend to result in a rejection of the null hypothesis that they are responsive. How-

ever I find that households do respond to their implicit price. This is preliminary evidence that a

preference for consuming solar generation does not confound the results. In addition, in Appendix

A4 I demonstrate that marginal willingness to pay for a unit of consumption imported from the

grid is the same as marginal willingness to accept for an additional unit of exported electricity. If

utility from consuming solar generation differs then these two should also differ. Finally in column

(3) of Table A.6 in Appendix A5 I demonstrate that the results hold even when I control directly

for solar production and used lagged solar production as the instrument for whether a household

is exporting. Identification of price and income parameters comes from variation across households

for a given level of solar production. I find that the test of opportunity cost holds. I also find

that households continue to respond strongly to expected income. The coefficient on Income shock

however is no longer significant.

If households do have a preference for consuming solar generation then the exclusion restriction

that allows me to use solar production as an instrument is problematic. A separate concern may

be that I use solar production to determine a household’s consumption. Appendix A3 discusses

the implications of prediction error in solar production for estimation of the demand function.

Intuitively, prediction error represents random differences between actual and predicted output

(such as shading) that cannot be explained by the solar production model. The disturbances in

the solar production model are assumed to be uncorrelated with the predictors of that model. This

implies that the solar prediction is also orthogonal to those disturbances. This allows me to rule

out the possibility that the prediction error causes an endogeneity problem.

As further evidence I re-estimate the model using net imports instead of predicted consumption

as the dependent variable. Solar production then becomes an explanatory variable:

nihd = qihd − sihd = ηhpihd + γmihd + αg + δhWihd + ωihd − sihd (9)

where ωihd is a new disturbance term. I compare this model to estimates of the demand model in

(6) with consumption as the dependent variable. In both models the price and income variables

are instrumented using interactions between irradiance and its lags and feed-in tariff. Results of

the net demand model and the consumption model are presented in columns (1) and (2) of Table

5. In practice though minor differences exist the parameters across these two models are almost

identical. Unlike consumption, net imports are observed directly from the meter data. The fact that
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the results are almost identical suggests that the estimates are not an artefact of the consumption

prediction. This is also further evidence that the exclusion restriction holds. If it did not hold we

would expect the models to produce different parameter estimates.

The final possibility I consider is that households may be responding to average net cost and

not to marginal price and opportunity cost. Ito (2014) demonstrates that households faced with

non-linear prices respond to average not marginal price. Households on net feed-in tariffs effectively

face a non-linear price: once consumption exceeds production there is a discrete jump in a house-

hold’s effective price. One possibility is therefore that households respond to their average bill for

electricity (revenue minus cost per unit of consumption) and not to marginal price and opportunity

cost. To explore this possibility I include average bill as an explanatory variable in equation 7.

If households respond to average net cost instead of the opportunity cost of their consumption

then price and opportunity cost should be insignificant. Instead I find that allowing households to

respond to average bill does not change the conclusions. As further evidence that households do

not respond to net average cost, Figure 8 shows the fit of two alternative models. On the left hand

side are predictions using the baseline model used to test opportunity cost. On the right hand side

are predictions using a model assuming instead that households respond to the average net cost

of their electricity. The opportunity cost model clearly outperforms the net average cost model in

explaining observed consumption.

5.5 Interpreting price elasticities

Having established that households respond to implicit prices I can now treat the feed-in tariff as

a price and discuss price elasticities. To do so I return to the results of estimating (6) which are

reported in the first column of Table 5.

Following Reiss and White (2005) I take the price elasticity of demand to be the percentage

change in consumption resulting from a one percent change in a household’s current marginal price.

The total change in consumption also includes the effect of a change in solar income as this is also

affected by a marginal price change. The price elasticity of demand for household i at hour h of

day d is:

θihd =
pihd
qihd

∂qihd
∂pihd

(10)

where pihd is the household’s current marginal price. Substituting in for the second term:
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θihd =
pihd
qihd

[ηh + γsihd] (11)

The price elasticity of demand is increasing in γ and sihd such that it is only negative if:

sihd < −
ηh
γ

(12)

Once sihd > −ηh
γ a household’s consumption increases following an increase in marginal price.

Of importance to policy makers is not just the price elasticity of demand, but also the price

elasticity of supply or export. A household exports what they do not consume i.e. the difference

between solar production and consumption: xihd = sihd − qihd|sihd − qihd > 0. We can define the

elasticity of supply as:

χihd =
fihd
xihd

[−ηh − γsihd] (13)

where once again this is a conditional elasticity, it assumes that the price change does not induce

a household to change whether they are currently exporting.34 Columns 2 and 3 of Table 5 report

the mean price elasticity of demand and supply for each hour of the day. To construct the mean

elasticities I take the average of demand elasticities for each household and hour of the sample.

Figure 9 shows how the price elasticities of demand and supply vary over the course of the

day (panel a) and across levels of solar production (panel b). The solid line plots the mean

demand (consumption) elasticity whilst the dashed line plots the mean supply (export) elasticity.

The confidence intervals are constructed by applying upper and lower bounds of the 90 percent

confidence intervals for the price and income parameters in (10) and (13). Demand and supply are

most price elastic during the middle of the day though the supply elasticity peaks slightly later

than the demand elasticity.

Panel b shows that for low levels of solar production the price elasticity of demand is negative.

34In general in non-linear price environments it is also possible that a non-marginal price change will affect consumption
even without a change in marginal price. In the solar setting however this is not the case. If a household is currently
exporting electricity (their current price is the feed-in tariff) then a change to the import price has no immediate effect on
current price or income and hence has no effect on consumption. The opposite is also the case, if a household is currently
importing electricity then a change to the feed-in tariff has no immediate effect on either price or income hence has no
effect on consumption.
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However as solar production increases the magnitude of the price elasticity decreases. This change

reflects the additional income caused by increases in solar production. In fact, the price elasticity

of demand becomes positive once solar production exceeds approximately 2kWh. At this point the

income effect associated with an increase in price dominates the substitution effect. As would be

expected the supply elasticity follows a similar pattern. After a threshold level of solar production

and increase in the feed-in tariff leads to a decrease not an increase in supply. Increases in the feed-

in tariff designed to increase exports of electricity may therefore have the unintended consequence

of reducing exports at the intensive margin.

These results have important implications for the structure of feed-in tariffs. Panel a also shows

that at 4pm the price elasticity of demand and supply cannot be distinguished from zero. This

is despite the fact that the coefficient on price at 4pm (hour 16) is highly significant. This is

particularly pertinent as peak network demand usually occurs around 4pm. Exports of electricity

at 4pm therefore have the highest value. However increasing the price paid to households for

electricity exports at 4pm to reflect this value may have little effect on supply because of the

income effect. Indeed the elasticities in Panel b suggest that proposals to match export prices to

wholesale electricity market prices may have the perverse effect of decreasing supply at times when

it is most valuable.35 Beyond the design of feed-in tariffs, the results suggest that instruments

that succeed in breaking the link between solar income and electricity consumption may result in

an increase in supply at the extensive margin. Mechanisms to finance or subsidise rooftop solar

such as lump sum subsidies and power purchase agreements for third party owned solar panels may

therefore be more efficient instruments.

6 Conclusions

The marginal cost of producing electricity from installed solar panels is zero. For some households

the opportunity cost of consuming electricity from their panels (foregone export revenue) is higher

than the alternative of importing grid-based electricity. Yet these households tend to consume more

electricity when their panels produce more. In this paper I explored whether solar households are

inattentive to opportunity cost because they believe consumption is “free” and/or whether they are

excessively sensitive to the “free” income that their panels are generating. Using high frequency

meter data, I exploited the difference between electricity export and import prices and variation in

35Wholesale electricity prices are volatile and in Australia reach peak prices on hot summer afternoons.
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solar production, to implement a test of opportunity cost. I separately identified the response of

consumption to changes in solar income. I found that households respond equally to the opportunity

cost of consumption when exporting as they do to the explicit price of electricity when importing.

I thus conclude that households are responsive to opportunity cost and they do not treat solar

generation as “free”. I also demonstrated that households are extremely sensitive to the income

generated by their solar panels. The degree of sensitivity to solar income cannot be explained in a

traditional neo-classical model of behaviour with rational expectations and fungibility however it

can be explained by appealing to models of mental accounting and category budgeting. The findings

have immediate implications for the design of government feed-in tariff programs that determine

export prices. I demonstrate that income effects help to explain the puzzling observation that

households on high feed-in tariffs consume more as they export more, despite the high opportunity

cost of doing so. Indeed, I demonstrate that exports of solar power may actually decrease as export

prices rise.
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Figures

Figure 1: A solar household’s budget set
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Figure shows two hypothetical budget sets for different solar households. Panel (a) depicts the budget set for a household with a feed-in tariff

(f) is less than the retail cost of electricity (r). Panel (b) depicts the budget set for a household whose feed-in tariff is more than the retail

cost of electricity. Solar production levels s < s′, non solar income y0 and retail cost r are the same across households. Other goods is the

numeraire.

Figure 2: Price and income
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Panel (a) plots mean price (pihd) across net imports (import - export) for by feed-in tariff group. Panel (b) plots mean solar income across

net imports by feed-in tariff group. Negative net import indicates a household is exporting electricity. 1:1 FIT (households receive the same

feed-in tariff as their import rate) and 25 FIT have been combined.
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Figure 3: Consumption patterns

(a) Sunny and cloudy days
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(b) Net import
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Panel (a) plots mean consumption across hours of the day for very sunny days and very cloudy days for 8 FIT and 60 FIT households. Panel

(b) plots mean consumption across net imports for all groups. 1:1 FIT (households receive the same feed-in tariff as their import rate) and 25

FIT have been combined.

Figure 4: Consumption and net import

(a) Frequency of export/import
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Figure shows the relative frequency of import/export by each hour of the day for small (below median size) and larger (above median size)

solar systems.
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Figure 5: Instrument relevance

(a) Production and opportunity cost
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(b) Irradiance and feed-in tariff
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Panel a plots mean changes in opportunity cost (∆ocihd) across levels of solar production (sihd) for each feed-in tariff group. Size of markers

indicates weight of observations within each feed-in tariff group. Panel b plots the correlation between feed-in tariff and average irradiance.

Size of markers indicates weight of observations within each feed-in tariff group.
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Figure 6: Baseline estimates

(a) Within zone
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(b) Within hour×FIT, zone
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The top row of figures plot 90% confidence intervals for coefficients ηh1 (coefficient on import price) and ηh2 (coefficient on ∆ocihd). The

bottom row of figures plot 90% confidence intervals for the difference ηh1 − ηh2. Under the null hypothesis of attention to opportunity cost

this difference is zero. Standard errors clustered at household level. ∆ocihd is instrumented using hourly interactions between feed-in tariff

program and solar production. All models are estimated with hour by day-of-week effects and hour by heating and cooling degrees. Panel a

has zone fixed effects, panel b has zone fixed effects and feed-in tariff by hour-of-day fixed effects.
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Figure 7: Additional instruments

(a) Import price IV
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(b) Export price IV

−
.1

−
.0

5
0

C
o
e
ff
ic

ie
n
t 
e
s
ti
m

a
te

7 8 9 10 11 12 1 2 3 4 5
Hour−of−day

η1 (import price) η2 (∆oc)

p value of joint significance test =    0.558 η1 − η2

−
.0

6
−

.0
3

0
.0

3
.0

6
D

if
fe

re
n
c
e

7 8 9 10 11 12 1 2 3 4 5

Hour−of−day

p value of joint significance test =    0.886 η1 − η2

−
.0

6
−

.0
3

0
.0

3
.0

6
D

if
fe

re
n
c
e

7 8 9 10 11 12 1 2 3 4 5

Hour−of−day

The top row of figures plot 90% confidence intervals for coefficients ηh1 (coefficient on import price) and ηh2 (coefficient on ∆ocihd). The

bottom row of figures plot 90% confidence intervals for the difference ηh1−ηh2. Under the null hypothesis of attention to opportunity cost this

difference is zero. Standard errors clustered at household level. In panel a ∆ocihd is instrumented using hourly interactions between feed-in

tariff program and solar production. Panel a has zone fixed effects and feed-in tariff by hour-of-day fixed effects and instruments for import

price. Panel b instruments for feed-in tariff program, ∆ocihd and import price.
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Figure 8: Opportunity cost vs average net cost

(a) Opportunity cost model (b) Average (net) cost model

Figure shows predicted average weekly consumption from two models. Both models are estimated with hour by day-of-week effects, hour by

heating and cooling degrees and zone fixed effects. On the left hand side is the model used to test opportunity cost. On the right hand side is

a model assuming that household respond to the average net cost of their electricity (revenue - cost per kWh of consumption).

Figure 9: Price elasticities
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Figure shows mean price elasticities of demand and supply over hours of the day (a) and for levels of solar production (b) and 90 percent

confidence intervals. For each household and hour of the sample elasticities are calculated according to (10) and (13). The solid line plots the

mean demand elasticity for each hour of the day (a) or level of solar production (b). The dashed line plots the mean supply elasticity for each

hour of the day (a) or level of solar production (b). Confidence intervals are constructed using upper and lower bounds of confidence intervals

for price and income effects. Price elasticities account for both substitution and income effects resulting from price changes.
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7 Tables
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Table 1: Descriptive statistics

(1) (2) (3) (4) (5)
60 FIT 1:1 FIT 25 FIT 8 FIT Full sample

Observed

Export price 60 22.17 25 8 31.27
(0) (4.367) (0) (0) (17.74)

Peak import price 31.25 29.63 31.69 29.63 31.18
(2.570) (2.706) (1.887) (3.602) (2.537)

Off peak import price 14.46 12.32 16.05 9.434 14.51
(5.850) (8.709) (4.204) (8.114) (6.048)

Import (kWh) 0.473 0.472 0.493 0.484 0.486
(0.271) (0.272) (0.276) (0.268) (0.273)

Export (kWh) 0.123 0.244 0.179 0.160 0.165
(0.0961) (0.198) (0.130) (0.121) (0.128)

Temperature (C) 15.37 16.25 15.26 13.99 15.15
(2.148) (2.350) (2.434) (2.484) (2.418)

Irradiance (W/m2) 445.7 476.7 455.6 378.2 442.9
(96.29) (94.24) (105.5) (72.57) (102.0)

Melbourne 0.850 0.720 0.687 0.684 0.730
(0.359) (0.458) (0.464) (0.468) (0.445)

Derived

Consumption (kWh) 0.676 0.816 0.741 0.689 0.720
(0.314) (0.373) (0.332) (0.307) (0.327)

Production (kWh) 0.387 0.674 0.501 0.454 0.474
(0.212) (0.432) (0.280) (0.262) (0.278)

Capacity (W) 1.782 2.760 2.270 2.513 2.205
(0.845) (1.549) (1.044) (1.216) (1.087)

Solar income (c/hour) 45.06 34.91 29.24 13.15 31.19
(28.42) (21.46) (16.25) (6.682) (21.81)

Households 133 26 291 78 528
Notes: Columns report mean values across all hours (except Irradiance, FIT price and Solar income) by feed-in tariff groups and for the

sample as a whole (column 5). Standard deviation in brackets. Customers on the 1:1 FIT have an export price equal to their import price at

the time of export. FIT price is average FIT price per unit of exports. For households on a time of use rate Peak is 7am-11pm Monday to

Friday. For households on a single rate, Peak is all hours. Irradiance is mean global horizontal irradiance from 9am-5pm. Solar income is

mean hourly solar income from 9am-5pm. Melbourne is an indicator for whether the household is in the Greater Melbourne Metropolitan Area.

Consumption, Production, Capacity and Solar income are estimates. See Appendix A2 for details on how these variables are constructed.
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Table 2: Neighbourhood demographics

(1) (2) (3) (4) (5) (6)
60 FIT 1:1 FIT 25 FIT 8 FIT Full sample State

Household size 2.97 3.09 2.94 2.90 2.95 2.89
(0.44) (0.44) (0.44) (0.45) (0.42) (1.77)

Bedrooms 3.17 3.36 3.24 3.20 3.22 3.04
(0.56) (0.56) (0.57) (0.58) (0.53) (0.52)

Separate dwelling 0.84 0.91 0.87 0.85 0.86 0.79
(0.21) (0.21) (0.21) (0.21) (0.20) (0.27)

Age 36.77 35.48 36.97 36.37 36.76 38.00
(6.33) (6.35) (6.39) (6.57) (6.01) (6.27)

FT employed 0.40 0.42 0.40 0.40 0.40 0.38
(0.09) (0.09) (0.09) (0.10) (0.09) (0.09)

Degree 0.19 0.12 0.15 0.18 0.17 0.18
(0.10) (0.10) (0.10) (0.10) (0.09) (0.12)

Weekly income 1466.41 1352.00 1372.81 1388.96 1397.88 1338.07
(481.87) (485.96) (487.30) (502.09) (458.63) (497.48)

Home ownership 0.36 0.34 0.33 0.33 0.34 0.35
(0.15) (0.15) (0.15) (0.16) (0.15) (0.14)

High Green vote 0.51 0.28 0.40 0.45 0.44 0.50
(0.52) (0.52) (0.53) (0.54) (0.50) (0.50)

Households 131 25 285 77 518
Notes: Columns 1-5 report the mean across households (P FIT= 60c/kWh, S FIT=1:1, TFIT=25c/kWh, M FIT = 8c/kWh) using census

SA1 level characteristics with the standard deviation in brackets clustered at census SA1 level. SA1 identifiers are missing for 11 households.

Column (6) shows the mean and standard deviation across Victoria weighted by SA1 population. Household size is number of residents. FT

employed is proportion of working age population in full time employment. Degree is proportion of post-school population with a bachelor’s

degree. Home ownership is proportion of population owning their home outright. High Green vote indicates above median primary vote for

the Australian Greens in the 2013 federal election.
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Table 3: Baseline results

(1) (2) (3) (4)
Within zone + hour×FIT + import price IV + export price IV

Import price × hour 0 -0.019∗∗∗ (0.006) -0.018∗∗∗ (0.006) -0.020∗∗∗ (0.005) -0.022∗∗∗ (0.006)
Import price × hour 1 -0.005 (0.006) -0.005 (0.006) -0.004 (0.006) -0.006 (0.005)
Import price × hour 2 -0.004 (0.004) -0.004 (0.004) -0.003 (0.004) -0.003 (0.004)
Import price × hour 3 -0.002 (0.004) -0.002 (0.004) -0.001 (0.004) -0.002 (0.004)
Import price × hour 4 -0.002 (0.004) -0.001 (0.004) 0.000 (0.004) -0.001 (0.004)
Import price × hour 5 -0.005 (0.004) -0.004 (0.004) -0.002 (0.004) -0.004 (0.004)
Import price × hour 6 0.003 (0.009) 0.004 (0.009) 0.003 (0.009) -0.014 (0.361)
Import price × hour 7 -0.012∗∗∗ (0.003) -0.012∗∗∗ (0.004) -0.001 (0.004) -0.012∗ (0.006)
Import price × hour 8 -0.011∗∗∗ (0.003) -0.014∗∗∗ (0.003) -0.008∗∗ (0.004) -0.011 (0.007)
Import price × hour 9 -0.014∗∗∗ (0.004) -0.026∗∗∗ (0.006) -0.022∗∗∗ (0.006) -0.023∗ (0.013)
Import price × hour 10 -0.018∗∗∗ (0.005) -0.048∗∗∗ (0.009) -0.048∗∗∗ (0.009) -0.036 (0.022)
Import price × hour 11 -0.022∗∗∗ (0.004) -0.068∗∗∗ (0.011) -0.070∗∗∗ (0.011) -0.048∗∗ (0.020)
Import price × hour 12 -0.026∗∗∗ (0.004) -0.077∗∗∗ (0.011) -0.077∗∗∗ (0.012) -0.050∗∗∗ (0.019)
Import price × hour 13 -0.026∗∗∗ (0.004) -0.075∗∗∗ (0.011) -0.075∗∗∗ (0.012) -0.046∗∗∗ (0.017)
Import price × hour 14 -0.025∗∗∗ (0.004) -0.060∗∗∗ (0.009) -0.060∗∗∗ (0.010) -0.035∗∗ (0.014)
Import price × hour 15 -0.023∗∗∗ (0.004) -0.039∗∗∗ (0.006) -0.035∗∗∗ (0.006) -0.020∗ (0.010)
Import price × hour 16 -0.023∗∗∗ (0.005) -0.029∗∗∗ (0.007) -0.019∗∗∗ (0.007) -0.012 (0.010)
Import price × hour 17 -0.024∗∗∗ (0.006) -0.025∗∗∗ (0.006) -0.006 (0.006) -0.016∗ (0.008)
Import price × hour 18 -0.014∗∗ (0.006) -0.013∗∗ (0.007) 0.003 (0.005) -0.012 (0.008)
Import price × hour 19 -0.003 (0.006) -0.004 (0.006) -0.003 (0.005) -0.002 (0.005)
Import price × hour 20 -0.008∗∗ (0.004) -0.008∗∗ (0.004) 0.002 (0.003) 0.003 (0.004)
Import price × hour 21 -0.006 (0.004) -0.005 (0.004) 0.005 (0.003) 0.005 (0.003)
Import price × hour 22 -0.004 (0.004) -0.004 (0.003) 0.006∗∗ (0.003) 0.006∗∗ (0.003)
Import price × hour 23 -0.027∗∗∗ (0.006) -0.025∗∗∗ (0.006) -0.031∗∗∗ (0.006) -0.034∗∗∗ (0.008)

∆ oc × hour 6 0.023 (0.032) 0.030 (0.037) 0.030 (0.037) -0.107 (2.438)
∆ oc × hour 7 0.001 (0.008) 0.002 (0.011) 0.001 (0.011) -0.036∗∗ (0.017)
∆ oc × hour 8 -0.007∗ (0.004) -0.013∗∗ (0.005) -0.013∗∗ (0.005) -0.020∗ (0.011)
∆ oc × hour 9 -0.012∗∗∗ (0.004) -0.032∗∗∗ (0.009) -0.032∗∗∗ (0.009) -0.027∗ (0.016)
∆ oc × hour 10 -0.017∗∗∗ (0.004) -0.061∗∗∗ (0.012) -0.061∗∗∗ (0.012) -0.034 (0.023)
∆ oc × hour 11 -0.022∗∗∗ (0.003) -0.082∗∗∗ (0.013) -0.082∗∗∗ (0.013) -0.043∗∗ (0.017)
∆ oc × hour 12 -0.026∗∗∗ (0.002) -0.092∗∗∗ (0.014) -0.092∗∗∗ (0.014) -0.046∗∗∗ (0.016)
∆ oc × hour 13 -0.026∗∗∗ (0.003) -0.090∗∗∗ (0.014) -0.090∗∗∗ (0.014) -0.044∗∗∗ (0.015)
∆ oc × hour 14 -0.026∗∗∗ (0.003) -0.075∗∗∗ (0.012) -0.075∗∗∗ (0.012) -0.036∗∗∗ (0.013)
∆ oc × hour 15 -0.023∗∗∗ (0.003) -0.051∗∗∗ (0.009) -0.051∗∗∗ (0.009) -0.027∗∗ (0.011)
∆ oc × hour 16 -0.020∗∗∗ (0.005) -0.031∗∗ (0.013) -0.031∗∗ (0.013) -0.022 (0.015)
∆ oc × hour 17 -0.021∗∗∗ (0.008) -0.012 (0.016) -0.012 (0.016) -0.053∗∗∗ (0.019)
∆ oc × hour 18 0.007 (0.034) 0.042 (0.040) 0.041 (0.040) -0.142 (0.096)

Current income 0.013∗∗∗ (0.001) 0.015∗∗∗ (0.001) 0.015∗∗∗ (0.001) 0.011∗∗∗ (0.002)

Observations 1121594 1121594 1121594 1122914

∆oc is the difference between export and import prices for a household who is exporting. Current income is current hourly solar income in cents. Standard errors

clustered at household level in parentheses. Significance of coefficients: ∗p < 0.1,∗∗ p < 0.05,∗∗∗ p < 0.01. In columns (1) to (3) ∆oc and Current income are

instrumented using hourly interactions between feed-in tariff program and solar production. All models are estimated with hour by day-of-week effects and hour

by heating and cooling degrees. Column (1) has zone fixed effects, column (2) adds hour by feed-in tariff effects, column (3) adds an instrument for import price.

Column (4) adds instruments for feed-in tariff program based on measures of solar productivity (see section 4.3.3) and is estimated without zone or feed-in tariff

group effects. Sample size difference in column (4) reflects the cluster-bootstrap routine. Strength of instruments is judged using the F test for weak instruments

with multiple endogenous variables outlined in Angrist and Pischke (2008). Instruments are strong for ∆ocihd from 7am to 5pm. All income and import price

instruments (columns (3) and (4)) are also strong.



Table 4: Baseline results II

(1) (2) (3) (4)
Within zone + hour×FIT Within hour×FIT Within household

Import price × hour 0 -0.026∗∗∗ (0.007) -0.027∗∗∗ (0.007) -0.021∗∗∗ (0.006) -0.024∗∗ (0.010)
Import price × hour 1 -0.010 (0.007) -0.011∗ (0.007) -0.004 (0.007) -0.027∗∗ (0.011)
Import price × hour 2 -0.010∗ (0.006) -0.011∗ (0.006) -0.004 (0.005) -0.026∗∗ (0.011)
Import price × hour 3 -0.009 (0.006) -0.009∗ (0.006) -0.002 (0.004) -0.025∗∗ (0.012)
Import price × hour 4 -0.008 (0.006) -0.009 (0.006) -0.002 (0.004) -0.032∗∗ (0.013)
Import price × hour 5 -0.011∗ (0.006) -0.011∗∗ (0.006) -0.005 (0.005) -0.018∗∗ (0.009)
Import price × hour 6 -0.017 (0.011) -0.019∗ (0.011) -0.004 (0.010) 0.020 (0.019)
Import price × hour 7 -0.016∗∗∗ (0.005) -0.016∗∗∗ (0.005) 0.001 (0.005) -0.001 (0.002)
Import price × hour 8 -0.016∗∗∗ (0.005) -0.016∗∗∗ (0.005) -0.003 (0.004) -0.001 (0.003)
Import price × hour 9 -0.033∗∗∗ (0.007) -0.033∗∗∗ (0.007) -0.009∗∗ (0.005) -0.003 (0.005)
Import price × hour 10 -0.060∗∗∗ (0.011) -0.061∗∗∗ (0.011) -0.018∗∗∗ (0.004) -0.013∗∗ (0.006)
Import price × hour 11 -0.071∗∗∗ (0.013) -0.072∗∗∗ (0.013) -0.024∗∗∗ (0.004) -0.019∗∗∗ (0.006)
Import price × hour 12 -0.072∗∗∗ (0.013) -0.073∗∗∗ (0.013) -0.026∗∗∗ (0.004) -0.022∗∗∗ (0.006)
Import price × hour 13 -0.067∗∗∗ (0.012) -0.068∗∗∗ (0.012) -0.026∗∗∗ (0.004) -0.020∗∗∗ (0.005)
Import price × hour 14 -0.056∗∗∗ (0.010) -0.057∗∗∗ (0.010) -0.025∗∗∗ (0.004) -0.017∗∗∗ (0.005)
Import price × hour 15 -0.039∗∗∗ (0.008) -0.040∗∗∗ (0.008) -0.019∗∗∗ (0.004) -0.011∗∗∗ (0.004)
Import price × hour 16 -0.033∗∗∗ (0.008) -0.034∗∗∗ (0.008) -0.015∗∗∗ (0.005) -0.010∗∗∗ (0.004)
Import price × hour 17 -0.022∗∗∗ (0.006) -0.022∗∗∗ (0.006) -0.008 (0.005) -0.008∗∗∗ (0.003)
Import price × hour 18 -0.008∗ (0.005) -0.008∗ (0.005) 0.000 (0.005) 0.001 (0.003)
Import price × hour 19 0.002 (0.005) 0.002 (0.005) 0.000 (0.006) 0.002 (0.003)
Import price × hour 20 0.003 (0.003) 0.003 (0.003) 0.004 (0.004) -0.004∗∗∗ (0.002)
Import price × hour 21 0.005∗ (0.003) 0.006∗ (0.003) 0.007∗∗ (0.004) -0.003∗∗ (0.001)
Import price × hour 22 0.007∗∗ (0.003) 0.007∗∗∗ (0.003) 0.008∗∗∗ (0.003) -0.002∗ (0.001)
Import price × hour 23 -0.040∗∗∗ (0.008) -0.041∗∗∗ (0.008) -0.035∗∗∗ (0.008) -0.026∗∗ (0.012)

∆ oc × hour 6 -0.090 (0.055) -0.092 (0.056) 0.020 (0.039) 0.047 (0.090)
∆ oc × hour 7 -0.051∗∗∗ (0.010) -0.053∗∗∗ (0.010) -0.000 (0.009) 0.001 (0.006)
∆ oc × hour 8 -0.029∗∗∗ (0.006) -0.030∗∗∗ (0.006) -0.007∗ (0.004) 0.006 (0.006)
∆ oc × hour 9 -0.045∗∗∗ (0.009) -0.046∗∗∗ (0.009) -0.011∗∗ (0.005) -0.000 (0.007)
∆ oc × hour 10 -0.073∗∗∗ (0.013) -0.075∗∗∗ (0.013) -0.017∗∗∗ (0.005) -0.012∗ (0.007)
∆ oc × hour 11 -0.080∗∗∗ (0.015) -0.081∗∗∗ (0.015) -0.023∗∗∗ (0.003) -0.022∗∗∗ (0.006)
∆ oc × hour 12 -0.082∗∗∗ (0.014) -0.083∗∗∗ (0.014) -0.027∗∗∗ (0.003) -0.026∗∗∗ (0.006)
∆ oc × hour 13 -0.078∗∗∗ (0.014) -0.079∗∗∗ (0.014) -0.028∗∗∗ (0.003) -0.024∗∗∗ (0.006)
∆ oc × hour 14 -0.063∗∗∗ (0.012) -0.064∗∗∗ (0.012) -0.027∗∗∗ (0.003) -0.017∗∗∗ (0.006)
∆ oc × hour 15 -0.048∗∗∗ (0.009) -0.048∗∗∗ (0.010) -0.025∗∗∗ (0.003) -0.009∗ (0.005)
∆ oc × hour 16 -0.042∗∗∗ (0.012) -0.043∗∗∗ (0.012) -0.023∗∗∗ (0.005) -0.010 (0.007)
∆ oc × hour 17 -0.044∗∗∗ (0.013) -0.046∗∗∗ (0.014) -0.026∗∗∗ (0.008) -0.015∗∗∗ (0.005)
∆ oc × hour 18 -0.047 (0.033) -0.050 (0.033) -0.003 (0.034) 0.010 (0.022)

Expected income (c/hour) 0.011∗∗∗ (0.001) 0.011∗∗∗ (0.001) 0.003∗∗ (0.001)
Income shock (c/hour) 0.035∗∗∗ (0.003) 0.035∗∗∗ (0.003) 0.009∗∗∗ (0.001)
Non-solar income (’000 AUD/wk) 0.067∗ (0.036) 0.081∗∗ (0.040)
Current income (c/hour) 0.013∗∗∗ (0.001)

Observations 795213 795213 795213 795038

∆oc is the difference between export and import prices for a household who is exporting. Current income is current hourly solar income in cents. Expected income

is the average virtual income from solar production during daylight hours for the previous 30 days in cents. Income shock is the difference between hourly virtual

income and average virtual income for that hour for the previous 30 days in cents. Non-solar income is weekly income from census data in $000/week. Standard

errors clustered at household level in parentheses. Significance of coefficients: ∗p < 0.1,∗∗ p < 0.05,∗∗∗ p < 0.01. ∆oc, Current income and Income shock are

instrumented using hourly interactions between feed-in tariff program and solar production. All models are estimated with hour by day-of-week effects, hour by

heating and cooling degrees. Column (1) has zone fixed effects, and feed-in tariff by hour fixed effects, columns (2) and (3) have hour by feed-in tariff effects,

column (4) has household-hour fixed effects. Compared to Table ?? lower sample sizes reflect creation of income measure using 30 days of lagged solar income.

Sample size in column (4) reflects additional observations dropped from the within household-hour sample. Strength of instruments is judged using the F test for

weak instruments with multiple endogenous variables outlined in Angrist and Pischke (2008). Instruments for ∆ocihd are strong for all models between 7am and

5pm. Instruments for Income shock and Current income are also strong.



Table 5: Price coefficients and elasticities

Net import Consumption

(1) (2) (3) (4)
Coefficients Coefficients Demand elasticity Supply elasticity

Price × hour 0 -0.021∗ (0.011) -0.021∗ (0.011) -1.637 .
Price × hour 1 -0.021∗∗ (0.010) -0.021∗∗ (0.010) -1.872 .
Price × hour 2 -0.020∗ (0.012) -0.020∗ (0.012) -1.862 .
Price × hour 3 -0.020 (0.012) -0.020 (0.012) -1.844 .
Price × hour 4 -0.026∗∗ (0.013) -0.026∗∗ (0.013) -2.464 .
Price × hour 5 -0.013 (0.009) -0.013 (0.009) -1.268 0.468
Price × hour 6 -0.007 (0.008) -0.007 (0.008) -0.621 0.628
Price × hour 7 -0.003 (0.002) -0.003 (0.002) -0.058 0.031
Price × hour 8 -0.001 (0.003) -0.000 (0.003) 0.431 -0.349
Price × hour 9 -0.005 (0.005) -0.004 (0.004) 0.273 -0.134
Price × hour 10 -0.014∗∗ (0.007) -0.011∗∗ (0.004) -0.370 0.323
Price × hour 11 -0.022∗∗∗ (0.008) -0.018∗∗∗ (0.004) -0.868 0.658
Price × hour 12 -0.026∗∗∗ (0.008) -0.022∗∗∗ (0.004) -1.022 0.798
Price × hour 13 -0.024∗∗∗ (0.008) -0.020∗∗∗ (0.004) -0.815 0.764
Price × hour 14 -0.021∗∗∗ (0.007) -0.018∗∗∗ (0.004) -0.668 0.723
Price × hour 15 -0.016∗∗∗ (0.006) -0.014∗∗∗ (0.003) -0.472 0.561
Price × hour 16 -0.010∗∗ (0.004) -0.008∗∗∗ (0.004) -0.132 0.190
Price × hour 17 -0.011∗∗∗ (0.003) -0.009∗∗∗ (0.003) -0.218 0.444
Price × hour 18 -0.002 (0.003) -0.001 (0.003) 0.047 -0.177
Price × hour 19 -0.003 (0.004) -0.002 (0.004) -0.043 .
Price × hour 20 -0.004∗∗∗ (0.002) -0.004∗∗∗ (0.002) -0.246 .
Price × hour 21 -0.003∗∗ (0.001) -0.003∗∗ (0.001) -0.211 .
Price × hour 22 -0.003∗∗ (0.001) -0.003∗∗ (0.001) -0.217 .
Price × hour 23 -0.022∗ (0.013) -0.022∗ (0.013) -1.528 .

Current income 0.009∗∗∗ (0.003) 0.009∗∗∗ (0.001)

Observations 1045808 1045808

Columns (1) and (2) report coefficients and standard errors (clustered at household level) in parentheses. The dependent variable for column (1) is net imports.

The dependent variable for column (2) is consumption. Significance of coefficients: ∗p < 0.1,∗∗ p < 0.05,∗∗∗ p < 0.01. Price variables and Current income are

instrumented using hourly interactions between irradiance and feed-in tariff and lagged irradiance and feed-in tariff. Both models are estimated with household by

hour effects, hour by day-of-week effects and hour by heating and cooling degrees. Current income is the contemporaneous value of the solar endowment at current

prices. For each household and hour of the sample the elasticity of demand and supply are calculated according to (10) and (13) using coefficients from column

(2). Means are reported in column (3) (demand elasticity) and (4) (supply elasticity). Strength of instruments is judged using the F test for weak instruments with

multiple endogenous variables outlined in Angrist and Pischke (2008). Price instruments are all strong except for 6am. Income instrument is also strong.



A Appendix

A.1 Retail prices

To construct price data I use three sources of information. Firstly, I use price data from the

Essential Services Commission’s price comparator website for the period January 2012- June 2012.

The Essential Services Commission (ESC) is the regulatory body for retail electricity in Victoria.

The ESC requires retailers to provide it with information on one available plan on 30 June each

year. Prior to January 2013, the retailer’s underlying rates did not differ across plans. Plans

only differed in the discounts and features (e.g. direct debit, quarterly vs monthly billing) made

available. Secondly, I use plan and price information (available for July 2012-June 2013) from the

retailer’s website. Most price increases occur at the start of the calendar year. However due to the

introduction of a national carbon tax in 2012, retailers increased their retail rates in July of 2012.

This increase in rates occurred on July 1 2012 across all of the retailer’s plans. In January 2013 the

retailer kept rates of all but one plan fixed. The final source of price information comes from invoice

data provided by the retailer. I use the invoice data from a separate set of households without

solar panels to estimate prices over the relevant period and compare these to the two sources of

price information. This comparison gives confidence that the publicly available rates are indeed

the rates applied across the customer base.

The invoice data contains information on total billable amount and kWh for the period exclusive

of plan discounts. To verify the above retail prices for customers with a “Single Rate" meter (on a

flat rate tariff) I estimate the following equation:

Iit = PricePeriodj ×Distributord × [β1jdDaysit + β2jd(kWhit ×Meterim × Plani)] + eit (14)

where Iit is the invoice amount (pre-discounts and tax) at billing period t for customer i,

Distributord is the distribution zone of customer i which is time invariant, Daysit is the number

of billing days in the period, kWhit is the billable kWh of the household and Meteri and Plani

are respectively the meter type and plan of customer i. The error term eit represents billing and

measurement error. The estimates of β1jd and β2jd are the estimated daily charges and per kWh

prices respectively.36

36Plan discounts are applied to subsequent bill for customers who pay on time. This is not observed directly in the
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To reflect the change in prices between June and July 2012 and from January 1 2013 for

customers on Plan 6 I estimate prices from the invoice data separately for plans and over three

periods. This will also verify that prior to January 2013, the retailer’s underlying rates were the

same across plans. Table A.2 reports prices estimated from equation 14 applied to customers on

flat rate tariffs (“Single Rate" customers). The reported prices are very close to the prices reported

in Table A.1 for “Single Rate" customers.

The invoice data does not separate billable kWh into peak and off peak. To verify rates of

customers on “Time of Use" and “Two Rate" plans I rely on being able to match interval data with

invoice data. For the subset of customers for whom I have a successful match, I am then able to

apportion the total kWh consumed into peak and off peak. As this subset is much smaller than the

full invoice sample I then estimate prices as per (14) except that I collapse plans 1-5 into a single

plan.

data
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Table A.1: Publicly available prices

(1) (2) (3)

All plans: 30 June 2012 All plans: 1 July 2012 Plan 6: 1 January 2013

Tariff type Distributor Peak Off peak Daily Peak Off peak Daily Peak Off peak Daily

Single Rate Zone 1 18.5 . 60 22 . 70 24.5 . 70
Time of Use Zone 1 23.75 12.5 60 28.5 15.5 70 30 17 70
Two Rate Zone 1 19.5 12 60 23 16 70 25 16.5 70
Single Rate Zone 2 20.5 . 70 25.5 . 80 27.5 . 80
Time of Use Zone 2 27 13 70 33 17 80 35 18.5 80
Two Rate Zone 2 20.5 13 70 25.5 17 80 27.5 18.5 80
Single Rate Zone 3 22 . 70 25.5 . 80 28 . 80
Time of Use Zone 3 28.5 13 70 32 16 80 35.5 18.5 80
Two Rate Zone 3 23 12 70 26.5 16.5 80 29 17.5 80
Single Rate Zone 4 22 . 65 26 . 80 28.5 . 85
Time of Use Zone 4 26 16 65 31 18.5 80 33.5 22 85
Two Rate Zone 4 24 14.5 65 28 19 80 31 20 85
Single Rate Zone 5 20.5 . 70 25 . 80 27.5 . 80
Time of Use Zone 5 27 13 70 33 16 80 35 18.5 80
Two Rate Zone 5 20.5 13 70 25 16 80 27.50 18.5 80
Prices are exclusive of Goods and Services Tax (GST) and plan discounts.
Pre July 2012 prices are sourced from the Essential Service Commission.
Post July 2012 prices are sourced directly from the retailer’s website.
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Table A.2: Estimated prices: single rate tariff type

(1) (2) (3)

Period 1 Period 2 Period 3

Peak rates ($/kWh)

Zone 1 Plan 1 0.184 0.216 0.212
(0.001) (0.000) (0.000)

Plan 2 0.185 0.211 0.221
(0.000) (0.000) (0.000)

Plan 3 0.185 0.218 0.222
(0.001) (0.001) (0.000)

Plan 4 0.183 0.215 0.222
(0.001) (0.000) (0.000)

Plan 5 0.185 0.215 0.221
(0.002) (0.001) (0.002)

Plan 6 0.185 0.218 0.244
(0.000) (0.000) (0.000)

Zone 2 Plan 1 0.205 0.252 0.256
(0.001) (0.001) (0.001)

Plan 2 0.205 0.252 0.256
(0.001) (0.001) (0.000)

Plan 3 0.205 0.248 0.256
(0.001) (0.001) (0.000)

Plan 4 0.205 0.247 0.257
(0.001) (0.001) (0.001)

Plan 5 0.205 0.252 0.257
(0.003) (0.002) (0.002)

Plan 6 0.205 0.247 0.273
(0.001) (0.001) (0.001)

Zone 3 Plan 1 0.220 0.257 0.254
(0.002) (0.001) (0.001)

Plan 2 0.220 0.256 0.254
(0.001) (0.000) (0.000)

Plan 3 0.220 0.258 0.255
(0.001) (0.001) (0.000)

Plan 4 0.220 0.257 0.255
(0.002) (0.001) (0.000)

Plan 5 0.000 0.258 0.254
(.) (0.003) (0.004)

Plan 6 0.220 0.260 0.272
(0.001) (0.000) (0.000)

Zone 4 Plan 1 0.000 0.269 0.253
(.) (0.004) (0.001)

Plan 2 0.146 0.264 0.252
(0.002) (0.001) (0.000)

Plan 3 0.000 0.260 0.254
(.) (0.003) (0.000)

Plan 4 0.000 0.239 0.257
(.) (0.001) (0.001)

Plan 5 0.000 0.000 0.254
(.) (.) (0.002)

Plan 6 0.000 0.257 0.265
(.) (0.002) (0.000)

Zone 5 Plan 1 0.205 0.249 0.251
(0.002) (0.001) (0.001)

Plan 2 0.205 0.249 0.250
(0.001) (0.000) (0.000)

Plan 3 0.205 0.250 0.251
(0.001) (0.000) (0.000)

Plan 4 0.205 0.251 0.251
(0.001) (0.001) (0.000)

Plan 5 0.205 0.249 0.250
(0.002) (0.002) (0.002)

Plan 6 0.205 0.248 0.272
(0.001) (0.000) (0.000)

Daily charge ($/day)

Zone 1 0.599 0.736 0.686
(0.003) (0.001) (0.001)

Zone 2 0.697 0.796 0.786
(0.006) (0.004) (0.003)

Zone 3 0.697 0.77 0.806
(0.005) (0.003) (0.002)

Zone 4 2.084 0.748 0.873
(0.023) (0.00842) (0.003)

Zone 5 0.7 0.782 0.796
(0.004) (0.003) (0.002)

Observations 38966
Standard errors in parentheses
Period 1: January 1 2012-June 30 2012
Period 2: July 1 2012-December 30 2012
Period 3: January 1 2013-June 30 2013
Estimated using invoice data only
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Table A.3: Estimated prices: multiple tariff types

(1) (2) (3) (4) (5)

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

Peak rates ($/kWh)

Single Rate Plans 1-5 Period 1 0.186 0.205 0.219 0.000 0.205
(0.002) (0.004) (0.007) () (0.004)

Period 2 0.229 0.258 0.261 0.000 0.259
(0.001) (0.002) (0.002) () (0.003)

Period 3 0.223 0.256 0.255 0.250 0.251
(0.001) (0.002) (0.002) (0.025) (0.003)

Plan 6 Period 1 0.186 0.205 0.219 0.000 0.205
(0.001) (0.002) (0.002) () (0.002)

Period 2 0.238 0.254 0.265 0.270 0.256
(0.001) (0.002) (0.001) (0.021) (0.001)

Period 3 0.247 0.275 0.278 0.285 0.273
(0.001) (0.002) (0.001) (0.005) (0.002)

Time of Use Plans 1-5 Period 1 0.265 0.000 0.286 0.000 0.000
(0.019) () (0.018) () ()

Period 2 0.250 0.000 0.336 0.000 0.000
(0.004) () (0.017) () ()

Period 3 0.270 0.000 0.323 0.000 0.000
(0.004) () (0.015) () ()

Plan 6 Period 1 0.237 0.000 0.297 0.000 0.240
(0.003) () (0.009) () (0.304)

Period 2 0.260 0.000 0.314 0.000 0.162
(0.002) () (0.004) () (0.020)

Period 3 0.283 0.000 0.368 0.000 0.636
(0.003) () (0.005) () (0.010)

Two Rate Plans 1-5 Period 1 0.275 0.000 0.221 0.000 0.000
(0.016) () (0.029) () ()

Period 2 0.214 0.000 0.271 0.000 0.000
(0.012) () (0.007) () ()

Period 3 0.202 0.000 0.264 0.000 0.000
(0.005) () (0.005) () ()

Plan 6 Period 1 0.169 0.000 0.203 0.000 0.000
(0.003) () (0.007) () ()

Period 2 0.238 0.344 0.275 0.000 0.000
(0.002) (0.034) (0.002) () ()

Period 3 0.250 0.000 0.284 0.436 0.000
(0.003) () (0.002) (0.020) ()

Off peak rates ($/kWh)

Time of Use Plans 1-5 Period 1 0.112 0.000 0.128 0.000 0.000
(0.013) () (0.016) () ()

Period 2 0.216 0.000 0.158 0.000 0.000
(0.003) () (0.013) () ()

Period 3 0.201 0.000 0.151 0.000 0.000
(0.003) () (0.011) () ()

Plan 6 Period 1 0.129 0.000 0.112 0.000 0.183
(0.003) () (0.006) () (0.113)

Period 2 0.216 0.000 0.184 0.000 0.266
(0.002) () (0.003) () (0.006)

Period 3 0.207 0.000 0.160 0.000 0.000
(0.003) () (0.004) () ()

Two Rate Plans 1-5 Period 1 0.000 0.000 0.100 0.000 0.000
() () (0.026) () ()

Period 2 0.179 0.000 0.165 0.000 0.000
(0.012) () (0.007) () ()

Period 3 0.196 0.000 0.166 0.000 0.000
(0.013) () (0.009) () ()

Plan 6 Period 1 0.129 0.000 0.112 0.000 0.000
(0.005) ) (0.009) () ()

Period 2 0.162 0.000 0.162 0.000 0.000
(0.003) () (0.002) () ()

Period 3 0.165 0.000 0.171 0.000 0.000
(0.004) () (0.003) () ()

Daily charge ($/day)

Period 1 0.594 0.700 0.712 0.779 0.700
(0.010) (0.023) (0.018) (0.041) (0.015)

Period 2 0.590 0.716 0.732 0.656 0.708
(0.007) (0.016) (0.011) (0.230) (0.013)

Period 3 0.668 0.784 0.797 0.851 0.798
(0.006) (0.018) (0.011) (0.049) (0.015)

Observations 7585

Standard errors in parentheses
Period 1: January 1 2012-June 30 2012
Period 2: July 1 2012-December 30 2012
Period 3: January 1 2013-June 30 2013
Estimated using invoice data and interval data
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A.2 Solar production

For households on net feed-in tariffs, smart meters record half hourly exports and imports of elec-

tricity. Total electricity consumption and total electricity generation are not observed. Without

additional metering infrastructure however there is no way of observing solar production or house-

hold consumption. Instead, I rely on an estimate of solar production. Using this estimate I then

back out an estimate of household consumption. My estimate of solar production is derived from

an empirical model of observed solar output for a separate sample of solar PV installations. Using

this auxiliary sample I first run a regression to explain observed solar output with a set of right

hand side variables. I then use the estimated coefficients from this regression to predict production

in my main sample. I then combine this estimate with the observed import and export data to

generate an estimate of consumption.

To construct my model of solar production I use data from the three sources. The first is from

the organisation PVOutput. PVOutput is a free and publicly available online service allowing users

to upload, track and compare their solar production. Data is uploaded in 5 minute intervals. I

construct a panel of solar production over 2012-2013 for 358 installations across Victoria. I analyse

production at the hourly level for installations with less than 6kW of rated capacity.37 For each

installation I also observe latitude and longitude and system characteristics.

The second source of information is weather and satellite data from the Bureau of Meteorology

(BoM). I match each site of the PV Output data to gridded hourly solar irradiance data derived

from satellite observations38 by the BoM over the period 2012-2013. The BoM uses satellite imagery

to derive estimates of global horizontal irradiance and direct normal irradiance. Global horizontal

irradiance (GHI) measures the intensity of solar energy falling on a horizontal surface (BoM, 2013).

GHI is measured inWatts/m2. I also match PV Output sites to 3 hourly temperature observations

from over 200 weather stations across the state. I interpolate 3 hourly temperature observations

to generate an hourly temperature series.

Finally as a comparison exercise I use estimates of solar production from the National Renewable

Energy Laboratory’s (NREL) PV Watts Calculator. The calculator provides hourly engineering

estimates of solar production based on a yearly set of data derived from each calendar month over

37I construct an hourly series from cumulative energy production. My production series therefore starts for the second
hourly observation of output for each installation-date. I also drop any date for which an installation has a missing
production observation.

38I also observe 1 minute solar irradiance data for Melbourne and Mildura
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more than 15 years. The online calculator uses this data and defined user inputs to calculate solar

production for every hour of a representative year. I compare predictions from my model of solar

production to PV Watts estimates for default settings for Melbourne.

My first step is to estimate a model to explain solar production in the PVOutput.org data using

a set of right-hand side variables that I also observe for my main sample of solar households. Figure

A.1 shows the distribution of actual production per kW of capacity for the PV Output sample.

The baseline model is:

sihd = β1hGHIihd + β2hTempihd + β3hs [Ss × Latitudei] + β4hs [Ss × Longitudei] + εihd (15)

where sihd is solar output per kW of capacity for installation i at hour h of date d, GHI is global

horizontal irradiance at the same frequency, Tempihd is ambient temperature and ns is a series of

indicator variables for season. I allow each β coefficient to differ by hour-of-day. GHI captures

regular variation in solar irradiance caused by movement of the sun as well as hour-to-hour variation

caused by atmospheric conditions such as cloud BoM (2013). Ambient temperature affects how

efficiently PV panels can convert irradiance to power. Finally latitude and longitude affect the

angle and intensity of the sun at a given hour in a given season. I specify the dependent variable as

production per kW of capacity following the scaling implied by PV Watts estimates across system

sizes. This means that sihd ∈ [0, 1] and the dependent variable is a fractional variable. Papke and

Wooldridge (1996) outline the methodological issues associated with modelling fractional variables.

In particular, estimating (15) using Ordinary Least Squares (OLS) will likely lead to predictions of

sihd outside the unit interval. To ensure that predictions lie on the interval I then implement the

zero-one-inflated beta (ZOIB) regression model developed by (Cook et al., 2008).

The ZOIB regression model was developed to model fractional variables with positive mass at

the boundaries of the unit interval (Cook et al., 2008). The model assumes that the response

variable takes on a mixed discrete-continuous distribution. The discrete component of the mixed

distribution models the probability of observations at the boundary points of the interval, whilst the

continuous component models the conditional mean of the data on (0,1). In the ZOIB model the

continuous component of the mixed distribution is a beta distribution whilst the discrete component

is governed by a logistic distribution. The model allows the effect of exogenous variables on the

probability of observing boundary values to differ from their effect on the conditional mean in the
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interval (0,1). In the present context this effectively allows a different data generating process to

determine observations of zero production. I use the same set of explanatory variables for the

continuous and discrete components however allow the coefficients of these variables to differ.

To validate the model I randomly select 20% of the PVOutput sites to set aside for the purposes

of validation. This validation sample is not used to estimate parameters. I use estimated parameters

to predict solar output for both estimation and validation samples. Histograms of actual and

predicted production for the OLS model for the estimation sample and for the validation sample

are shown in panels (a) and (b) of Figure A.2. The R2 value for the estimation is 0.9 suggesting

that the stylised model in 15 explains 90% of the variation in actual production. I find that 94% of

predictions are within the 95% prediction interval for both the estimation sample and the validation

sample. Despite this, the model has some trouble correctly predicting very low solar production

and results in predictions of sihd below zero. The benefit of using high resolution temperature and

satellite data can be seen a comparison of how the model performs relative to engineering estimates

based on historic averages. In Figure A.3 I plot the distribution of predictions from the PV Watts

Calculator. Average historical observations explain 70% of the variation in actual production.

Figure A.4 shows predicted solar production per kW of capacity using the ZOIB model. For the

validation sample, Figure A.5 shows average hourly predicted versus actual production per kW of

capacity for each model by season. The models do well at predicting the mean of production out

of sample.

I use the estimated parameters to generate a prediction of solar production for the main sample.

A histogram of estimated solar production per kW of capacity is shown in panel (a) of Figure A.6.

I then use the interval data to derive an estimate of solar system size. To do so I take the maximum

observed export for each household. I assume a household’s maximum export is approximately 70%

of system capacity.39 Using this measure of capacity I then assign households to one of 9 common

system sizes: 1 kW,1.5 kW, and 2kW-8kW in 1 kW increments.40 The number of households in

39The NREL PV Watts calculator’s default losses from soiling, shading and other system imperfections is set at 14%.
This does not include the effects of temperature, angle and inverter efficiency. The NREL predictions have a maximum
output per kW of 0.89 whilst in the PVOutput.org sample maximum output per kW is 1. This could however be due
to measurement error. Maximum production of observed solar panels is typically 80% of capacity (Jones, 2012). I take
the maximum export to be 70% of total capacity to reflect the possible difference between export and consumption.
Conclusions do not differ if I take the maximum export to reflect approximately 80% of capacity. However doing so leads
to a higher frequency of negative estimated consumption.

40These system sizes were chosen to match system sizes covered on the solar comparison website Solar Choice
(www.solarchoice.net.au). In reality potential production is a function of total panel capacity and inverter size. To-
tal panel size is the sum of individual PV modules which may not scale to the increments imposed in the measure of solar
size. Similarly, I can allow solar size to be a continuous function of observed maximum export. This does not change the
estimated results however it restricts my ability to implement specifications with system size fixed effects.
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each solar system category is depicted in panel (b) of Figure A.6. Figure A.7 shows consumption

and total production (per kW output × system size) by hour once again by season. Missing data

points correspond to hours in seasons where no measures of GHI are available. Production and

consumption follow expected patterns across hours of the day and seasons of the year.

The conclusion from the test of opportunity cost is not sensitive to alternative estimates of solar

system size or to alternative models of solar production. Appendix A3 discusses how measurement

error in solar production and consumption would enter into the estimation and its implications for

the coefficients of interest.

Figure A.1: Actual production
PV Output Sample

Histogram of actual hourly solar output per kW for PVOutput.org sites.

Figure A.2: Predicted and actual production
Ordinary Least Squares

(a) Predicted production
estimation

(b) Predicted production
validation

Figure on left is a histogram of predicted hourly solar output per kW for PVOutput.org sites in the estimation sample.
Figure on right is a histogram of predicted hourly solar output per kW for PVOutput.org sites in the validation sample.
Model of solar production is estimated via ordinary least squares.
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Figure A.3: Predicted production
NREL

Histogram of predicted hourly solar output per kW using NREL calculator.

Figure A.4: Predicted and actual production
Zero-one inflated beta

(a) Predicted production
estimation

(b) Predicted production
validation

Figure on left is a histogram of predicted hourly solar output per kW for PVOutput.org sites in the estimation sample.
Figure on right is a histogram of predicted hourly solar output per kW for PVOutput.org sites in the validation sample.
Model of solar production is estimated via zero one inflated beta model.
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Figure A.5: Predicted and actual production by season
Validation sample

(a) Summer (b) Autumn

(c) Winter (d) Spring

Figures show predicted and actual production per kW by season for the PVOutput.org validation sample.

Figure A.6: Predicted production and solar size
Main sample

(a) Predicted production per kW (b) Households by solar size

Figures show predicted production per kW and solar capacity (kW) for the main sample of solar households used to test
opportunity cost.
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Figure A.7: Production and consumption by season

(a) Summer (b) Autumn

(c) Winter (d) Spring

Figures show predicted consumption and production by season for the main sample of solar households used to test
opportunity cost.
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A.3 Prediction error

In practice I do not observe electricity consumption, instead I observe net imports of electricity

nihd (where nihd < 0 when a household is exporting). Consumption is net imports plus unobserved

solar production. To estimate my model of household demand I use an estimate of solar production

ŝihd. Appendix A2 outlines in detail how the measure of solar production is constructed. For each

hour of the sample an estimate of solar output per kW of capacity is constructed. If sihd is actual

output per kW and ŝihd is estimated output then:

sihd = ŝihd + τihd

Actual solar production is then given by:

sihd = cisihd = ciŝihd + ciτihd

= ŝihd + ξihd

where ci is solar capacity.41 I interpret this measurement error as random differences between

actual solar output and predicted output for example arising from unobserved shading of solar

panels. These random differences are orthogonal to predicted production so that E(ξihd|ŝihd) = 0.

Actual demand is given by:

qihd = nihd + ŝihd + ξihd

= ηhpihd + γmihd + αg + δhWihd + ωihd

where qihd is true (unobserved) consumption and ξihd is measurement error. Now defining estimated

consumption q̂ihd = nihd + ŝihd and estimated income m̂ = pŝ:

q̂ihd = ηhpihd + γ ˆmihd + αg + δhWihd + εihd

where εihd = γpξihd + ωihd − ξihd is a combined error term.

41ξihd = ciτihd implies that measurement error is heteroskedastic. As outlined in Appendix A2 solar capacity ci is also
an estimate which may also be measured with error. For simplicity here I assume ci is observed.
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Then ηh,1, ηh,2 and γ are estimated from the following equation:

q̂ihd = ηh,1rih + ηh,2∆ocihd + γm̂ihd + αg + δhWihd + εihd (16)

Identification relies on interactions between solar production ŝihd and feed-in tariff Fi being valid

instruments for ∆ocihd and mihd. I assume that ŝihd is an unbiased estimate of sihd and there is

no correlation between ξihd and ŝihd and importantly no correlation between ξihd and pihd. The

validity of solar production as in instrument then hinges on E(ωihd|ŝihd, Xihd) = 0 where Xihd

is shorthand for the remaining explanatory variables in (16). I control directly for the effect of

weather on consumption and as a robustness exercise I use lags of solar production and irradiance

as alternative instruments.
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A.4 An alternative test of opportunity cost

In Equation (7) ηh,2 is identified from variation in the change in opportunity cost when a household

is exporting (∆ocihd) controlling for the underlying effect of differences in retail prices (rih). It is also

possible to frame a slightly different test of whether households respond to opportunity cost. This

test is motivated by observations that willingness to pay (WTP) may often differ from willingness

to accept (WTA). I can test whether WTP for a unit of imported electricity is the same as WTA

for a unit of exported electricity by comparing the slope of the demand function when households

are exporting to the slope of the demand function when households are importing. If households

are responsive to opportunity cost then the two should be equal. Once again I consider a household

with the following demand function for electricity:

qihd = ηhpihd + γmihd + αg + δhWihd + εihd

Now let

pihd = 1(qihd ≥ sihd)rih + 1(qihd < sihd)fi

where 1() is the indicator function. The parameter ηh measures the slope of the demand function.

When a household is importing this is the marginal WTP, when they are exporting this is the

marginal WTA. Hence allowing for these to differ:

qihd = ηh,11(qihd ≥ sihd)rih + ηh,21(qihd < sihd)fi + γmihd + αg + δhWihd + εihd (17)

The identifying variation comes from cross sectional differences in import and export prices and

cross sectional differences in solar production. The alternative test of opportunity cost is based on

testing for differences between willingness to pay (WTP) and willingness to accept (WTA):

H0 : ηh,1 = ηh,2

H1 : ηh,1 6= ηh,2
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As in Equation (7), price pihd and solar income mihd are a function of current consumption. This

renders both 1(qihd ≥ sihd)rih and 1(qihd < sihd) as well as mihd endogenous. Once again I use

Fi × sihd as my set of instruments.

Figure A.8 presents estimates of the coefficients. The right hand panel presents the estimated

coefficients whilst the left hand panel presents the difference between the coefficients. The null hy-

pothesis for the joint test that the coefficients are the same cannot be rejected suggesting households

are attentive to opportunity cost.

These results also provide suggestive evidence that households do not derive additional utility

from consuming solar production. If willingness to pay differed from willingness to accept we could

either interpret this as evidence that households are inattentive to opportunity cost, or that they

derive additional utility from consuming solar generation for which they are willing to pay a higher

price.

Figure A.8: Alternative test

(a) Within hour×FIT, zone
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A.5 Supplemental tables

Table A.4: Solar representativeness

(1) (2) (3)
Solar Non-solar Difference

Household size 2.58 2.55 0.03
(1.17) (1.29) (0.05)

Bedrooms 3.40 3.02 0.37∗∗∗

(0.37) (0.46) (0.04)

Separate dwelling 0.94 0.72 0.23∗∗∗

(0.24) (0.45) (0.02)

Age 57.02 51.28 5.74∗∗∗

(13.15) (14.55) (0.59)

FT employed 0.26 0.31 -0.05∗∗∗

(0.44) (0.46) (0.02)

Degree 0.30 0.33 -0.03
(0.46) (0.47) (0.02)

Weekly income 1357.22 1311.14 46.08
(0.22) (0.36) (37.33)

Capital city 0.48 0.54 -0.07∗∗∗

(0.50) (0.50) (0.02)

Air conditioning 0.84 0.71 0.13∗∗∗

(0.37) (0.46) (0.02)

Insulation 0.95 0.85 0.10∗∗∗

(0.22) (0.36) (0.01)

Energy saving devices 0.43 0.33 0.10∗∗∗

(0.50) (0.47) (0.02)

Households 2543 759
Notes: Means and standard deviations (in brackets) reported in columns (1) and (2). Column (3) reports difference in means and standard

error of the difference in brackets. ∗p < 0.1,∗∗ p < 0.05,∗∗∗ p < 0.01: indicates difference between solar households and non-solar households

is statistically significant at the given level. Survey data are from the Australian Energy Regulator (AER, 2015). Household size is number of

residents, FT employed is whether respondent is employed, Degree is whether respondent has a Bachelor’s degree. Capital city is resides in a

capital city. Energy saving devices indicates the household has energy saving devices.
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Table A.5: Robustness I

(1) (2) (3)
Expected income Current income

Within zone, hour × FIT Within household-hour
Import price × hour 0 -0.021∗∗∗ (0.006) -0.014 (0.010) -0.021∗ (0.011)
Import price × hour 1 -0.005 (0.006) -0.020∗ (0.010) -0.022∗∗ (0.010)
Import price × hour 2 -0.004 (0.004) -0.021∗ (0.011) -0.020∗ (0.011)
Import price × hour 3 -0.002 (0.004) -0.021∗ (0.012) -0.019 (0.012)
Import price × hour 4 -0.001 (0.004) -0.027∗∗ (0.013) -0.026∗∗ (0.012)
Import price × hour 5 -0.003 (0.004) -0.014 (0.009) -0.013 (0.009)
Import price × hour 6 -0.005 (0.013) 0.017 (0.013) -0.043 (0.054)
Import price × hour 7 -0.002 (0.005) 0.001 (0.002) 0.001 (0.002)
Import price × hour 8 -0.004 (0.005) 0.002 (0.003) -0.003 (0.003)
Import price × hour 9 -0.014∗∗ (0.007) 0.002 (0.005) -0.002 (0.005)
Import price × hour 10 -0.040∗∗∗ (0.011) -0.005 (0.006) -0.002 (0.005)
Import price × hour 11 -0.058∗∗∗ (0.012) -0.013∗∗ (0.005) -0.007 (0.005)
Import price × hour 12 -0.065∗∗∗ (0.013) -0.017∗∗∗ (0.005) -0.015∗∗∗ (0.005)
Import price × hour 13 -0.067∗∗∗ (0.013) -0.019∗∗∗ (0.005) -0.021∗∗∗ (0.005)
Import price × hour 14 -0.061∗∗∗ (0.012) -0.021∗∗∗ (0.005) -0.029∗∗∗ (0.006)
Import price × hour 15 -0.040∗∗∗ (0.008) -0.017∗∗∗ (0.004) -0.026∗∗∗ (0.005)
Import price × hour 16 -0.030∗∗∗ (0.008) -0.015∗∗∗ (0.004) -0.026∗∗∗ (0.005)
Import price × hour 17 -0.014∗∗∗ (0.005) -0.008∗∗∗ (0.003) -0.014∗∗∗ (0.004)
Import price × hour 18 -0.002 (0.004) 0.000 (0.003) -0.001 (0.003)
Import price × hour 19 0.002 (0.005) 0.002 (0.003) -0.001 (0.004)
Import price × hour 20 0.003 (0.003) -0.003∗∗ (0.001) -0.004∗∗∗ (0.002)
Import price × hour 21 0.006∗∗ (0.003) -0.002 (0.001) -0.003∗∗ (0.001)
Import price × hour 22 0.007∗∗∗ (0.003) -0.001 (0.001) -0.003∗∗ (0.001)
Import price × hour 23 -0.035∗∗∗ (0.008) -0.014 (0.013) -0.022∗ (0.013)

∆ oc × hour 6 -0.025 (0.057) -0.001 (0.018) -0.135 (0.104)
∆ oc × hour 7 -0.005 (0.009) 0.007 (0.006) 0.010 (0.006)
∆ oc × hour 8 -0.006 (0.007) 0.013∗∗ (0.006) 0.003 (0.005)
∆ oc × hour 9 -0.020∗ (0.011) 0.008 (0.007) 0.001 (0.006)
∆ oc × hour 10 -0.049∗∗∗ (0.014) -0.001 (0.007) 0.003 (0.007)
∆ oc × hour 11 -0.065∗∗∗ (0.015) -0.013∗∗ (0.006) -0.005 (0.006)
∆ oc × hour 12 -0.076∗∗∗ (0.015) -0.019∗∗∗ (0.006) -0.015∗∗ (0.006)
∆ oc × hour 13 -0.080∗∗∗ (0.016) -0.021∗∗∗ (0.007) -0.022∗∗∗ (0.007)
∆ oc × hour 14 -0.073∗∗∗ (0.015) -0.021∗∗∗ (0.007) -0.033∗∗∗ (0.008)
∆ oc × hour 15 -0.055∗∗∗ (0.011) -0.018∗∗∗ (0.006) -0.035∗∗∗ (0.008)
∆ oc × hour 16 -0.050∗∗∗ (0.013) -0.017∗∗∗ (0.007) -0.039∗∗∗ (0.010)
∆ oc × hour 17 -0.049∗∗∗ (0.014) -0.016∗∗∗ (0.005) -0.030∗∗∗ (0.008)
∆ oc × hour 18 -0.041 (0.034) 0.005 (0.021) -0.002 (0.016)

Income shock 0.014∗∗∗ (0.001) 0.007∗∗∗ (0.001)
Income × hour 0 0.004∗∗∗ (0.002) -0.002 (0.002)
Income × hour 1 0.003∗∗∗ (0.001) -0.001 (0.001)
Income × hour 2 0.002∗∗∗ (0.001) 0.000 (0.001)
Income × hour 3 0.002∗∗ (0.001) 0.001 (0.001)
Income × hour 4 0.002∗∗ (0.001) 0.001 (0.001)
Income × hour 5 0.002∗∗ (0.001) 0.001 (0.001)
Income × hour 6 0.006 (0.005) -0.001 (0.003) 0.098 (0.068)
Income × hour 7 0.005∗∗∗ (0.001) -0.004∗∗∗ (0.001) -0.001 (0.003)
Income × hour 8 0.008∗∗∗ (0.002) -0.004∗∗ (0.002) 0.007∗∗∗ (0.002)
Income × hour 9 0.013∗∗∗ (0.002) -0.003 (0.002) 0.006∗∗∗ (0.001)
Income × hour 10 0.018∗∗∗ (0.002) 0.000 (0.002) 0.004∗∗∗ (0.001)
Income × hour 11 0.021∗∗∗ (0.002) 0.007∗∗∗ (0.002) 0.005∗∗∗ (0.001)
Income × hour 12 0.024∗∗∗ (0.002) 0.009∗∗∗ (0.002) 0.006∗∗∗ (0.001)
Income × hour 13 0.025∗∗∗ (0.002) 0.012∗∗∗ (0.002) 0.007∗∗∗ (0.001)
Income × hour 14 0.025∗∗∗ (0.002) 0.017∗∗∗ (0.002) 0.009∗∗∗ (0.001)
Income × hour 15 0.023∗∗∗ (0.002) 0.019∗∗∗ (0.003) 0.012∗∗∗ (0.001)
Income × hour 16 0.020∗∗∗ (0.002) 0.020∗∗∗ (0.003) 0.015∗∗∗ (0.002)
Income × hour 17 0.016∗∗∗ (0.002) 0.011∗∗∗ (0.003) 0.014∗∗∗ (0.003)
Income × hour 18 0.011∗∗∗ (0.002) 0.007∗∗ (0.003) 0.010∗∗ (0.004)
Income × hour 19 0.009∗∗∗ (0.002) 0.001 (0.003)
Income × hour 20 0.002 (0.001) -0.003 (0.002)
Income × hour 21 0.001 (0.001) -0.004∗∗∗ (0.001)
Income × hour 22 0.000 (0.001) -0.004∗∗∗ (0.001)
Income × hour 23 0.004∗∗ (0.002) -0.005∗ (0.003)

Observations 811310 811310 1121594
In columns (1) and (2) Income × hour is Expected income in each hour, in column (2) Income × hour is Current income in each
hour. Current income is current hourly solar income in cents. Expected income is the average virtual income from solar production during
daylight hours for the previous 30 days in cents. Standard errors clustered at household level in parentheses. Significance of coefficients:
∗p < 0.1,∗∗ p < 0.05,∗∗∗ p < 0.01. ∆oc and Current income are instrumented using hourly interactions between feed-in tariff program and
solar production. Import price is also instrumented using network tariffs. All models are estimated with hour by day-of-week effects, hour
by heating and cooling degrees. Column (1) has hour by feed-in tariff program and zone fixed effects, columns (2) and (3) have household
-by-hour effects. Instrument strength is judged using the F test for weak instruments with multiple endogenous variables outlined in Angrist
and Pischke (2008). All import price and income instruments are strong. Instruments for ∆ocihd are strong from 7am to 5pm.



Table A.6: Robustness II

(1) (2) (3)
Temperature Lagged solar IV Exclusion restriction

Import price × hour 0 -0.029∗∗∗ (0.007) -0.034∗∗∗ (0.010) -0.016∗∗ (0.007)
Import price × hour 1 -0.011∗ (0.007) -0.018∗ (0.010) -0.001 (0.007)
Import price × hour 2 -0.010∗ (0.006) -0.018∗ (0.010) -0.000 (0.007)
Import price × hour 3 -0.008 (0.006) -0.016∗ (0.009) 0.001 (0.007)
Import price × hour 4 -0.007 (0.006) -0.015 (0.009) 0.002 (0.007)
Import price × hour 5 -0.010∗ (0.006) -0.018∗ (0.009) -0.221 (0.181)
Import price × hour 6 -0.013 (0.009) -0.077∗∗ (0.038) 0.003 (0.011)
Import price × hour 7 -0.010∗∗ (0.005) -0.111∗∗∗ (0.026) -0.010∗ (0.006)
Import price × hour 8 -0.011∗∗ (0.004) -0.075∗∗∗ (0.020) -0.006 (0.006)
Import price × hour 9 -0.015∗∗∗ (0.005) -0.064∗ (0.037) -0.008 (0.010)
Import price × hour 10 -0.022∗∗∗ (0.005) -0.140∗∗∗ (0.044) -0.018 (0.014)
Import price × hour 11 -0.023∗∗∗ (0.005) -0.059 (0.051) -0.022∗ (0.013)
Import price × hour 12 -0.024∗∗∗ (0.005) -0.134∗∗ (0.055) -0.023∗∗ (0.012)
Import price × hour 13 -0.023∗∗∗ (0.005) -0.179∗∗∗ (0.066) -0.023∗∗ (0.011)
Import price × hour 14 -0.023∗∗∗ (0.005) -0.151∗∗∗ (0.057) -0.020∗ (0.010)
Import price × hour 15 -0.021∗∗∗ (0.005) -0.163∗∗∗ (0.049) -0.011 (0.008)
Import price × hour 16 -0.022∗∗∗ (0.006) -0.237∗∗∗ (0.058) -0.008 (0.010)
Import price × hour 17 -0.016∗∗∗ (0.006) -0.205∗∗∗ (0.045) -0.003 (0.007)
Import price × hour 18 -0.003 (0.005) -0.127∗∗∗ (0.026) 0.001 (0.006)
Import price × hour 19 0.007 (0.006) 0.005 (0.006) -0.001 (0.006)
Import price × hour 20 0.005 (0.004) 0.000 (0.004) 0.004 (0.004)
Import price × hour 21 0.008∗∗ (0.003) 0.003 (0.004) 0.006∗ (0.003)
Import price × hour 22 0.009∗∗∗ (0.003) 0.004 (0.004) 0.007∗∗ (0.003)
Import price × hour 23 -0.043∗∗∗ (0.008) -0.047∗∗∗ (0.011) -0.029∗∗∗ (0.009)

∆ oc × hour 6 -0.060∗∗ (0.025) -0.291∗ (0.162) -0.059∗ (0.033)
∆ oc × hour 7 -0.033∗∗∗ (0.007) -0.153∗∗ (0.065) -0.052∗∗∗ (0.018)
∆ oc × hour 8 -0.017∗∗∗ (0.004) -0.029 (0.025) -0.017∗ (0.009)
∆ oc × hour 9 -0.016∗∗∗ (0.005) -0.009 (0.041) -0.014 (0.014)
∆ oc × hour 10 -0.018∗∗∗ (0.005) -0.104∗∗ (0.049) -0.022 (0.019)
∆ oc × hour 11 -0.020∗∗∗ (0.004) -0.008 (0.041) -0.027∗ (0.016)
∆ oc × hour 12 -0.021∗∗∗ (0.003) -0.085∗ (0.049) -0.030∗∗ (0.013)
∆ oc × hour 13 -0.022∗∗∗ (0.003) -0.140∗ (0.073) -0.030∗∗ (0.013)
∆ oc × hour 14 -0.021∗∗∗ (0.004) -0.109∗ (0.061) -0.026∗∗ (0.012)
∆ oc × hour 15 -0.022∗∗∗ (0.004) -0.078 (0.049) -0.022∗∗ (0.010)
∆ oc × hour 16 -0.026∗∗∗ (0.006) -0.150∗∗ (0.063) -0.020 (0.017)
∆ oc × hour 17 -0.042∗∗∗ (0.008) -0.096 (0.062) -0.027 (0.023)
∆ oc × hour 18 -0.071∗∗∗ (0.020) -0.174∗∗ (0.081) -0.020 (0.048)

Expected income 0.009∗∗∗ (0.001) 0.019∗∗∗ (0.003) 0.007∗∗∗ (0.002)
Income shock 0.032∗∗∗ (0.003) 0.453∗∗∗ (0.089) -0.002 (0.002)
Solar production 0.302∗∗∗ (0.030)

Observations 811310 775486 775260
Standard errors clustered at household level in parentheses. Significance of coefficients: ∗p < 0.1,∗∗ p < 0.05,∗∗∗ p < 0.01. All models are estimated with hour by

day-of-week effects, hour by heating and cooling degrees. Instruments for ∆oc and Current income × hour are hourly interactions between feed-in tariff program

and solar production. Column (1) has hour by feed-in tariff and zone effects instruments for import price using underlying network tariffs. Column (2) is estimated

with household fixed effects. Column (3) is estimated with household by hour fixed effects. Column (4) is estimated with household by hour fixed effects and

instruments for import price using underlying network tariffs. Expected income is the average solar income during daylight hours for the previous 30 days. Income

shock is the difference between hourly solar income and average virtual income for that hour for the previous 30 days. Instrument strength is judged using the F test

for weak instruments with multiple endogenous variables outlined in Angrist and Pischke (2008). Instruments for ∆ocihd are strong from 7am to 5pm. Instruments

for import price and income are all strong.


