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MotivationMotivation
• Governments and donors choose whether to allocate 

the extra dollar of  public funds to health or education 
programs, to build roads, or to extend electricity 
coverage.  g

• Social scientists should inform policy-makers about the 
returns to each type of  public investment 
W h h bili d ll l d i d• We have the ability to conduct small-scale randomized 
experiments to estimate returns for particular health 
and education interventions. 

• Roads and electricity grids are never randomly placed.
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Related LiteratureRelated Literature
• Contrast areas with and without electricity 

– Balisacan and Pernia, 2002; Fan et al., 2002;  Balisacan et al., 2002; Taylor, 
2005; Escobal et al 2005 work on China Indonesia Philippines2005; Escobal et al., 2005 – work on China, Indonesia, Philippines

• Location fixed effects not enough as electricity grid placement is 
decidedly based on demand (load factor) projections (e.g. 
Canambra 1967)Canambra 1967)

• Dinkelman (2008): uses the idea that it’s more expensive to 
extend the network to sloped areas to examine the employment 
effect of grid expansion in Kwa-Zulu Natal Province, Southeffect of  grid expansion in Kwa Zulu Natal Province, South 
Africa

• Unlike KZN, across a large developing country, slope would be 
related to land use, agricultural outcomes, and occupational , g , p
choices. Slope also makes it more difficult to provide other 
public services. 

• Research on other infrastructure: Irrigation Dams (Duflo and 
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Pande, QJE), Highways (Michaels 2008), Railroads (Atack 2009, 
Donaldson 2009, Banerjee, Duflo, Qian 2008) 



Our Approachpp
• Grid placement reflects:

– Demand side concerns (e g likely growth?)Demand side concerns (e.g. likely growth?)
– Cost Considerations (e.g. where is it cheapest to generate?)
– A significant portion of  the cost in Brazil is determined by 

geography (hydro-power generation requires intercepting water at 
high velocity)

• Imagine asking an engineer to design the grid in a cost-Imagine asking an engineer to design the grid in a cost-
minimizing manner, using as inputs only:
– Budget for the country that decade (Intensity)g y ( y)
– Water flow and river gradient at every location (Placement)

• The model will generate maps of  hypothetical 
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electricity grids every decade, which can be used to 
instrument for the actual map in a panel (controlling 
f r l ti FE)



Actual Electricity Evolves over time…

1960s 1970s
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As does Predicted Electricity from the Model…

1960s 1970s

• Instrument extracts the portion of the panel variation
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Instrument extracts the portion of  the panel variation 
in electrification attributable to (geology * decade 
budget) 



Thought Experimentg p

7
• Pretend we don’t know the information on the right



Identification
• Relies on our ability to cleanly separate cost-side 

and demand-side considerations in a panel
• The first stage is intentionally mis-specified as 

22 vCostyElectricit += π
even though we believe the true data generating 

process to be:
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p

• The resulting “bias” in π2 is a function of the
221 vCostDemandyElectricit ++= ππ

The resulting bias  in π2 is a function of  the 
correlation between Demand and Cost –
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Bias in the 2SLS model
• To examine how this might introduce bias in our second 

stage estimate of  the development effects of  g p
electrification, we adopt the Hahn and Hausman 
(Econometrica 2003) notation for the two-stage least 
squares model:

• First stage: y2=zπ2+v2

• Second stage: y1=βy2+ε1 = βzπ2+v1

• β2sls contains     , which is not an unbiased estimate of  
2π̂

π2: 

2
1

22
12

2 )(ˆand
ˆˆ

ˆ
vzzz

yz
SLS ′′+== −

∑
∑ ππ

π
β

2

9

222
22

2 )(
ˆˆ zzSLS ∑ ππ

β



BiasBias

• Following the Hahn- ˆ))ˆ(( πππβ zzv ′−′−ΣFollowing the Hahn
Hausman derivation, the 
bias can be expressed as:
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• Substituting in the first g
stage error in estimating 
π2, the bias term is: 
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Identification
• Cross-sectional IV estimates are clearly inappropriate (e.g. large 

population density in areas with access to water)population density in areas with access to water)
• A key concern is cov(C,D) in a fixed effects setting: 

– Does population evolve over time (at given locations) in the same p p ( g )
pattern as the engineer’s lowest cost locations evolve?

– Does industry evolve over time in the same pattern as the low cost 
locations in the electricity model?locations in the electricity model?

– Does other infrastructure – transportation networks, water, 
sanitation follow the same pattern as the engineering model?

• Empirically, the answer is no (once location FE are added) 
• For transportation and other infrastructure we will directly 

control for it or use proxies
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control for it or use proxies.



Population 
Density

% Industrial 
GDP

Industrial 
GDPpcDensity GDP GDPpc

48.528*** 0.055*** 0.344*
(6.86) (0.02) (0.18)

2 426** 0 021*** 0 153Actual Electricity

Within 
State

2.426** 0.021*** -0.153
(1.16) (0.01) (0.13)

-14.778 0.033 -1.093

Actual Electricity 
Infrastructure FE

FE-IV
(11.84) (0.06) (0.76)
9.741* 0.010 0.015
(5.24) (0.01) (0.05)

Instrument 
(Modeled

Within 
State

FE IV

( ) ( ) ( )
-2.387 0.005 -0.186
(1.79) (0.01) (0.12)

(Modeled 
infrastructure) FE
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Outline of  Project
1. Construct the actual electricity grid for all of  Brazil 1960-2000, 

and examine grid expansions (generation plants and g p (g p
transmission lines) between 5 decades.

2. Get county level data on % households with electricity 
connection every decade (1970-2000)connection every decade (1970 2000)

3. Build cost-minimizing engineering model to infer how the grid 
would have evolved every decade had generation plants and 
tr nsmission lines been b ilt to minimize onstr tion osttransmission lines been built to minimize construction cost.

4. Instrument [1 & 2] with [3] to examine the effects of  electricity 
infrastructure and household connections on a broad range of  
development outcomes: 
• Housing values, Employment, Income, Poverty, Education, Human 

Development, Migration, Mortality
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Task 1: Re-constructing the Actual Grid 
1960-2000

• The network is composed ofThe network is composed of
– Generation plants (hydro and thermal)
– Transmission lines and substations
– Distribution lines

• We gather data on the first two components using 
feasibility studies and major electricity companies 
undertake before planning expansions. Two forms:
– Inventory tables that specify location (plant) or county or 

origin and destination (transmission lines)
– Paper maps of generation plants and lines
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Paper maps of  generation plants and lines
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Figure 2:  Inventory from Canambra report 1969       Figure 3:  Inventory from SIESE report 1987
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Transmission lines in South-East Brazil as of 1969 



Digital Maps of the Electricity GridDigital Maps of  the Electricity Grid
• We have to merge the data on power plants and g p p

transmissions sub-stations by location to data on 
elevations, rivers, water flow etc.

• We define “location” (our spatial “unit of observation”)We define location  (our spatial unit of  observation ) 
to be a grid of  32,500 evenly spaced points across 
Brazil
W h f h l k f d di ib i• We have to account for the lack of  data on distribution 
networks run by the 64 privatized companies 
– (it would be un-natural to assume that only points with a ( y p

transmission substation has electricity access and surrounding 
areas don’t)

– We assume that all grid points within a 50km radius of  the 
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centroid of  a county containing a transmission sub-station 
has access to electricity (distribution networks are 100km 
across on average)



18

South Brazil Electricity Grid 1960      South Brazil Electricity Grid 1970



1960s 1970s
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1980s 1990s
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21Year 2000



IV Strategy Step 1: Hydro Plant Locationgy p y
• Circles of  radius 10km around 

grid points (to measure average 
land slope as a control variable.)

• Overlay a map of  water bodies, 
create 2 km buffers on either 
side of  each river, and compute:
– Water?
– the gradient along the river using t e g ad e t a o g t e ve us g

elevation maps (use maximum 
gradient and average)

– average and maximum flow 
accumulation (which measures the 
amount of  water flowing into 
each point on the river)
Jungle?
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– Jungle?



Table 1: Probit Forecast of Placement of Generation PlantsTable 1:  Probit Forecast of Placement of Generation Plants
(step 1 of the engineering model that creates the instrument)

Dependent variable:  Indicator for 

0.029**
(0.014)
0 044

location has a hydropower plant
Log of Maximum 
Flow Accumulation
Average Slope in the 0.044

(0.030)
0.062***
(0.012)

Average Slope in the 
river
Maximum Slope in 
the river

-0.753***
(0.066)
-0.030
(0 063)

Amazon Indicator

Indicator for location 
has a river in it Note: this is not the first(0.063)
Observations 33342
R-squared .
Standard errors in parentheses

has a river in it Note: this is not the first 
stage, just the first step in 
constructing the 
instrument

23

*** p<0.01, ** p<0.05, * p<0.1
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Step 2: Instrument with Panel VariationStep 2: Instrument with Panel Variation

• Step 1 provides a complete ordering of  all grid points in terms p p p g g p
of  the cost of  constructing hydropower plants.

• Need an instrument like “predicted electricity availability in each 
decade”, which accounts for the evolution of generation plantsdecade , which accounts for the evolution of  generation plants 
and transmission lines, and that varies over time.
– Gradient correlated with land slope; (could control for that directly)
– Water affects development through channels other than hydropowerWater affects development through channels other than hydropower

• Step 2: Construct a simple cost-minimizing “engineering model” 
f rid p n i nof  grid expansion
– Engineer given a “budget” of  number of  power plants in each decade 

that matches actual data, and two transmission substations per plant
All t pl nt nd b t ti n p ti ll t minimiz t

25

– Allocate plants and substations spatially to minimize costs 



Modeling Transmission LinesModeling Transmission Lines
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Lowest Cost Equilibrium

• Calculate costs of the
Slope=.15 Slope=.61Slope=.20 Slope=.54

Calculate costs of  the 
transmission line using 
distance and jungle

Slope=.35 Slope=.48Slope=.29

• Propose alternative 
points, compute costs 
and compare

• Retain lowest cost 
combination and iterate 
30,000 times
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Subsequent decadesAccounting for missing 
distribution networks
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Important constraint: Don’t need electricity where we already have it 



Predicted Electricity from the Model

1980s 1990s
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1990s



Predicted Electricity 
from the Model

2000
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Table 5:  First Stage Regressions                  

                  
E i i 0 445*** 0 088*** 0 080*** 0 181*** 0 144*** 0 069***

Percent of County 
ElectrifiedElectricity Infrastructure

Engineering  0.445*** 0.088*** 0.080*** 0.181*** 0.144*** 0.069***  
Model Predictions (0.03)   (0.02)   (0.02) (0.02) (0.02)   (0.01)  
Land Slope   0.022*** 0.005*** 0.003                 0.003   

(0.00) (0.00) (0.00) (0.00)            (0.00)   (0.00)   (0.00)                 (0.00)    
Year Dummies? Y Y Y Y Y Y
Region Dummies? N Y N N N N
State Dummies? N N Y N N N
Fixed Effects? N N N Y N Y
F-statistic  201.41 20.58 23.38 79.12  75.91  35.09 
p-value 0.00 0.00 0.00 0.00  0.00  0.00 
r2 0 261 0 477 0 545 0 166 0 578 0 806r2                 0.261        0.477  0.545 0.166  0.578   0.806            
N             162589    162529   162529 162529  129745     129697  

Errors Always Conservatively Clustered by Mega-Counties (Minimum Comparable Areas)
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Impact of Electricity Infrastructure on the Value of Housing Stockp y g

Uninstrumented Regressions
Instrumented 
Regressions

          
1.254*** 0.836*** 0.615*** 0.715*** 0.454*** 1.350** 2.649***

(0.09) (0.07) (0.06) (0.05) (0.05) (0.66) (0.38)
0 050*** 0 003 0 014** 0 079*** 0 017***

Electricity 

Electricity Infrastructure Electricity 

0.050*** 0.003 -0.014** 0.079***                 -0.017***               
(0.01) (0.01) (0.01) (0.01)      (0.01)    

Region Dummies?  N  Y  N N N N N
State Dummies? N N Y N N N N

Land Slope

State Dummies? N N Y N N N N    
Random Effects? N N N Y N N N    
Fixed Effects? N N N N Y N Y     
r2 0 214 0 425 0 526 0 3 0 504 -0 046r2 0.214   0.425 0.526               0.3 0.504 -0.046
N 129724  129676 129676 129724 129724 129676 129676

Cross-sectional:60% increase FE: 20% increase
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Cross sectional:60% increase, FE: 20% increase, 

FE-IV: Presence of Electricity Infrastructure More than doubles housing 
values (computed at the mean)



Impact of Household Electrification Rate on the Value of Housing Stockp g

Uninstrumented Regressions
Instrumented 
Regressions

          
5.454*** 4.661*** 4.484*** 4.430*** 3.381*** 5.634*** 7.584***

(0.19) (0.16) (0.16) (0.14) (0.14) (1.69) (0.84)
0 044*** 0 007 0 000 0 058*** 0 002

Electricity 

Percent Electrified Percent Electrified

0.044*** 0.007 -0.000 0.058***                0.002               
(0.01) (0.01) (0.00) (0.01)                (0.01)     

Region Dummies?  N  Y  N N N  N N
State Dummies? N N Y N N N N

Land Slope

State Dummies? N N Y N N N N
Random Effects? N N N Y N  N N
Fixed Effects? N N N N Y  N Y
r2 0 676 0 722 0 765 0 546 0 748 0 164r2 0.676   0.722   0.765                 0.546        0.748 0.164
N 129745   129697   129697   129745   30286       129697 129697

FE-IV: 10% increase in household electrification rate in the county increases
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FE IV: 10% increase in household electrification rate in the county increases 
housing values by 33% at the mean



Synoptic Measures of  Developmenty p p
• Housing values, which we view as a summary outcome 

incorporating people’s willingness to pay increases bothincorporating people s willingness to pay, increases both 
in urban and in rural areas.

• Value of  increase is larger in rural areas as a % of  base g
values.

• The UNDP Human Development Index Measure for 
h C (C i i i d i l i )the County (Comprising income, education, longevity) 

increases by 17% at the mean (about half  a standard 
deviation))

• Effects are larger in the instrumented FE specification 
(consistent with electricity targeting to under-served 
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areas) 



Identifying Mechanismsy g
• Electrification potentially has multiple channels of  

influence on economic productivity and developmentp y p
– Induces people and firms to move to electrified areas
– Induces in-migration of  highly productive people and firms

Improves real productivity:– Improves real productivity:
• Changes firms’ cost function or production function
• Creates employment opportunities
• Improves worker skills quality or productivity• Improves worker skills, quality or productivity

• Mechanisms are relevant for understanding the policy 
question, since the simple re-sorting does not benefit 
th t h lthe country as a whole

• We will look at population density and migration 
outcomes to shed some light on these mechanisms
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In-Migration Doesn’t seem to Explain it…
Infras. Infras. Infras. Infras. Infras. Infras.
0.003 -0.004 -0.005 -0.007 -0.007 -0.009**
(0 00) (0 00) (0 01) (0 00) (0 01) (0 00)

Electricity

Two Decade Lag One Decade Lag Current

(0.00) (0.00) (0.01) (0.00) (0.01) (0.00)
0.396*** 0.742*** 0.454***
(0.09) (0.15) (0.10)
116 168** 120 008*** 76 374**

Electricity

Income per Capita

Secondary 116.168 120.008 76.374
(50.42) (46.53) (30.73)
0.008 0.000 0.006
(0.01) (0.01) (0.01)

Public Doctors

Secondary 
Schools per capita

(0.01) (0.01) (0.01)
-0.006*** -0.004*** -0.005***
(0.00) (0.00) (0.00)

r2 0.284 0.332 0.284 0.370 0.285 0.410

Beds in Public 
Clinics

N 30055 26444 30055 23909 30055 21743

• Even when statistically significant, electrification induces a <1 
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y g
percentage point increase in non-native population as a function 
of  total. But these are cross-sectional estimates.



F i f R l
Population Density and Urbanization

Percent   Electricity    Percent   Electricity    

Population Density
Fraction of Rural 

Population in County

Electrified  nfrastructure   Electrified  Infrastructure   

Uninstrumented  77.617*** 18.710*** -0.902*** -0.063***
State Dummies    (17.27) (2.17) (0.02) (0.01)( ) ( ) ( ) ( )
Uninstrumented  -27.573*** 2.426** -0.698*** -0.027***
Fixed Effects        (6.85) (1.16) (0.03) (0.01)
Instrumented 206 807*** 72 790*** -0 502*** -0 167***Instrumented     206.807 72.790 0.502 0.167
(without FE)        (47.56) (14.54) ( 0.07) (0.04)
Instrumented   -44.450 -14.778  -0.546***  -0.191***
Fi d Eff (34 43) (11 84) (0 13) (0 07)Fixed Effects  (34.43) (11.84)  (0.13) (0.07)

• Population Density shows no change
• The county does become more urbanized
• Within county urbanization (either within county migration or
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• Within-county urbanization (either within-county migration or 
change in classification) does not explain county-level income, 
employment effects



Mortality

Percent   Electricity    Percent   Electricity    

Electrified f Electrified I f

Infant Mortality Life Expectancy

Electrified  nfrastructure   Electrified  Infrastructure   

Uninstrumented  -14.663***   3.069*** -0.180 -2.197**
State Dummies    (3.40) (1.10) (0.41) (0.18)
Uninstrumented  -16.741*** -7.053*** 2.482*** -0.407*
Fixed Effects         (3.41) (1.42) (0.56) (0.23)
Instrumented     -65.518*** -21.807*** -5.736  -1.403
(without FE)        (9.77) (3.71) (10.54)  (2.28)
Instrumented    -47.077  -16.543 -5.495 -1.928
Fixed Effects (31.75) (10.71) (4.61) (1.56)Fixed Effects  (31.75) (10.71) (4.61) (1.56)

• Lowers infant mortality (but not significantly)
N ff ll li lif
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• No effect on overall mortality or life expectancy



What explains the development gains?What explains the development gains?

• Electricity leads to some large gains in broad measures y g g
of  development. 

• Simple sorting doesn’t explain it. So are there real 
dchanges in productivity?

• Next I will examine effects on employment, salaries. 
P i E l i l i i M• Preview: Employment increases, salaries increase.  Most 
of  the increase in incomes are not explained by gains in 
education and experiencep

• Most of  the action appears to be in the residuals, not 
explained by changes in worker characteristics
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Economically Active

Percent   Electricity    Percent   Electricity    
l ifi d f l ifi d f

Economically Active 
Population Employed Population

Electrified  Infrastructure   Electrified  Infrastructure   
Uninstrumented   0.086*** 0.018*** 0.073*** 0.016***
State Dummies        (0.01) (0.00) (0.01) (0.00)
Uninstrumented   0.095*** 0.019*** 0.092***  0.017***
Fixed Effects          (0.01) (0.00) (0.01) (0.00)
Instrumented     0.240*** 0.080*** 0.231*** 0.077***
(without FE)            (0.03) (0.01) (0.04) (0.01)
Instrumented  0.428*** 0.150*** 0.430***  0.151***
Fixed Effects (0 08) (0 02) (0 08) (0 03)Fixed Effects  (0.08) (0.02) (0.08) (0.03)

Presence of  Electricity Infrastructure raises the employment rate 
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by 45% at the mean (about 2 standard deviations)



Salaries of  Employed

Percent   Electricity    Percent   Electricity    Percent   Electricity    

Electrified  nfrastructure   Electrified  Infrastructure   Electrified  nfrastructure  

Median Salaries Urban Salaries Rural Salaries

Uninstrumented  0.143*** 0.009*** 0.188*** 0.011*** -0.033*** -0.002
State Dummies    (0.01) (0.00) (0.01) (0.00) (0.00) (0.00)
Uninstrumented 0 091*** -0 004 0 153*** 0 002 -0 023*** 0 001Uninstrumented  0.091 0.004 0.153 0.002 0.023 0.001
Fixed Effects        (0.01) (0.00) (0.01) (0.00) (0.01) (0.00)
Instrumented     0.099*** 0.032** -0.119 -0.028 -0.057 -0.014
( i h FE) (0 03) (0 01) (0 17) (0 03) (0 07) (0 02)(without FE)        (0.03) (0.01) (0.17) (0.03) (0.07) (0.02)
Instrumented  0.134** 0.039* 0.144*** 0.050*** 0.055* 0.019**
Fixed Effects  (0.06) (0.02) (0.04) (0.02) (0.03) (0.01)

• Presence of  Electricity Infrastructure raises median salary 
of  the employed by 35% at the mean (about half  a standard 
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deviation)
• Effect larger in urban areas



Worker Productivityy

• Increases educational attainment by 15-20% 
(about one extra year of  schooling on average)

• Increases residual salaries left unexplained by p y
education and experience by 80% at the mean

• Once worker income is decomposed, the largestOnce worker income is decomposed, the largest 
gains from electrification are in the residual (i.e. 
unobserved component of worker productivity)unobserved component of  worker productivity)
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Other Outcomes

• Reduces Poverty (Head Count Ratio) by 55%

• Imprecise GDP effect; large agricultural GDP 
effect but measurement error concerns witheffect, but measurement error concerns with 
these variables
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Other infrastructure
• Water connections and sanitation networks only wipe 

out 15-20% of  the effect of  electrification
0.244*** 0.147*** 1.583*** 0.289*** 0.331*** 1.888***
(0.04) (0.04) (0.31) (0.03) (0.04) (0.32)
4.041*** 2.957*** 2.542***

Lagged Elect. 
Infrastructure
Percent 

(0.22) (0.16) (0.17)
5.912*** 4.085*** 3.760***
(0.31) (0.26) (0.23)

-0 003 -0 007

Running 
Percent 
Sanitation 

0.003 0.007
(0.00) (0.00)

State DummiesY N N Y N N
Fixed Effects? N Y Y N Y Y
2 0 3 0 18 0 3 4 0 11 0 4 2 0 299

Land Slope

r2 0.737 0.518 0.374 0.711 0.472 0.299
N 129676 130285 130285 129676 130285 130285

• Instrumented car ownership rates (proxying for

44

Instrumented car ownership rates (proxying for 
transport network) make only a small difference.



Conclusions
• Electrification has large effects on: 

– Employment rateEmployment rate
– Salaries of  the employed
– Educational Attainment

R id l S l i l ft l i d b th i i d ti– Residual Salaries left unexplained by the gains in education 
and experience 

• Effects larger in IV. Three potential explanations:
– Targeting to under-served (but densely populated) areas
– Political considerations in the provision of  large 

infrastructure projects
– Attenuation bias from measurement error

• Effects not fully explained by movement of  people in 
general equilibrium

45

general equilibrium



Comparisons of  returns to other 
ddevelopment interventions

• Microcredit:
– Pitt and Khandker (JPE 1998): loans to women have a rate of  

return of  18%; household income in Bangladesh increases by 
a factor of  1.14

– Recent experiments by Banerjee et al (India) and Karlan and 
Zinman (Philippines) find effects much closer to zero

• Education: typical Mincer coefficient is 0.61. IncentiveEducation: typical Mincer coefficient is 0.61. Incentive 
programs raise wages by a factor of  1.2

• Health: Miguel and Kremer (Kenya): deworming drugs 
i lif ti b ltipl 1 01raise lifetime wages by a multiple 1.01.

• Dams: Duflo and Pande (India): increases expenditures 
downstream by 0.14% and reduces poverty by 0.77% 
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Improving Panel Variation

• Problems:
1. Generation capacity of  power 

plants assumed to be 
constant10000

12000

constant
• We collected data on 

capacity and endogenized 
decision to expand capacity

6000

8000

Actual Data

Ins trument decision to expand capacity 
versus build new plants

2. Intense Coverage of  Sao 
P l Ri di d

2000

4000
Ins trument

Paulo, Rio not predicted.
• We will get coverage that is 

too diffuse

0
1960 1970 1980 1990 2000
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Next Stepsp
• Get data on the costs of  electricity infrastructure 

investments to compare returns against other publicinvestments to compare returns against other public 
investments in health and education. 

• In general - go narrower and deeper – to understand g g p
mechanisms in firm surveys

• Electricity lowering inequality worth exploring more 
i h fi dwith firm data

• Unpack infrastructure: control for roads
• W f r rd i r l• Way forward in general:

– Experiments in micro-hydro and renewable energy
– Experiments with distribution networks 
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