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Dear Professors Breza, Chandrasekhar, and Viviano,

I am writing to apply for the NBER Workshop on Development Economics and Networks for
Early-Career Researchers. I am a doctoral candidate in Sustainable Development at Columbia
University, shortly to defend next month, after which I will be heading to the University of
Calgary as a postdoc. My research studies development, energy, and climate economics using
network, industrial organization, and spatial tools.

I would like to present my paper, “Who Pays for the Last Mile? Connection Charges and the
Private Provision of Utility Infrastructure.” I believe it is an excellent fit for the conference as I
believe it is at the forefront of empirical network research. The paper studies how passing
through the costs of infrastructure network expansion creates strategic incentives to cooperation
and collectively provision infrastructure or to free ride on neighbors who would provision it.

The reduced-form part of the paper tests if Rwandans behave strategically in electricity
adoption. I address four identification strategies with four empirical methods. As utilities
endogenously place infrastructure to meet the spatial configuration of anticipated demand, I
construct anticipated externality matrices that represents customers’ expectations over grid
expansion. As cooperation and free-riding are mutually exclusive strategic responses to the
same incentives, I use dynamics to separate them and jointly instrument them with a graph-
based shift-share and censored peer-of-peer instruments, where the censoring is an
methodological innovation that can apply when the full network is observed. I also control for a
confounding social peer effects through a second, non-infrastructure network. The structural
part of the paper, though admittedly incomplete, embeds the dynamic graph as a state space of a
dynamic discrete choice game, embedding network formation within structural industrial
organization.

I would be excited about learning from established researchers such as yourselves, other early-
stage network researchers, and discussing the frontier of empirical network research.

Professors Scott Barrett, Eric Verhoogen, or Daniel Bjorkegren could provide a recommendation
if I am shortlisted and can be contacted at sb3116@columbia.edu, ev2124@columbia.edu, or
dan.bjork@columbia.edu.

Thank you for considering my application.

Sincerely,
Eugene PH Tan
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I'm interested in attending the workshop because I'm interested in learning from other
researchers at the forefront of empirical work and receiving feedback on my own work. The set
of researchers who can use network tools in development are a relatively small community, and

so it would be an ideal place to learn from others at this forefront.

In addition to the above paper, which studies the private provision of networked public
infrastructure, I am also working on papers that study the impact of the European Union’s
Carbon Border Adjustment Mechanism on developing country supply chains and their
incentives to adopt carbon policies, network externalities in electric vehicle charging stations in
California, and doing activity analysis (as in Tjalling Koopman’s Nobel) with recent graph neural

network tools to estimate the internal production network of a firm.
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customer. This paper argues that the latter creates a dynamic public-good provision game resembling a war of attrition:
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Who Pays for the Last Mile? Connection Charges and

The Private Provision of Utility Infrastructure *

Eugene Tan

SEPTEMBER 2026

Expanding utilities typically impose upfront connection charges either through flat fees that charge every
new customer the same price or distance- and material-based charges that pass through the costs of
extending infrastructure to each customer. This paper argues that the latter creates a dynamic public-good
provision game resembling a war of attrition: first movers pay a high price to expand infrastructure that
cross-subsidizes their en-route and downstream neighbors. I study how these strategic incentives affect
grid electricity adoption in 176 rural Rwandan distribution networks. To overcome reflection, I construct an
externality network to measure how provision externalities change as the grid evolves, jointly instrument
current and anticipated neighbor provision with shift-share and censored peer-of-peer instruments, and
use a second network to control for social peer effects. My theory predicts that strategic incentives delay
adoption; I find that when prospective customers anticipate a 10% reduction in their connection charge,
their weekly adoption hazard falls by 0.91 percentage points relative to a mean 4.0 percent hazard in weeks
when the network expands. For adopters who benefit from a neighbor’s provision, I find that 36 percent
of them cooperate and connect jointly, while 64 percent free-ride and only connect after they receive
the cross-subsidy. Realized connection charges and willingness to pay have a correlation of 0.20, while
flat fees would not vary with willingness to pay. This is consistent with theory that high-value adopters
connect earlier because they have more to lose from waiting, a price discrimination mechanism that directs
the cross-subsidy from high to low-value neighbors. To study how strategic behavior affects aggregate
outcomes, I develop a structural model that nests a participation game of strategic complements within
a dynamic waiting game of strategic substitutes. The potential structure of the subgame links coalition
choices to customers’ relative values of connecting and waiting. I use the resulting coalition distribution
to estimate an equilibrium in which waiting values are consistent with the network expansion generated
by neighbors’ choices. Counterfactuals compare flat, distance-based, and externality-correcting charges,

quantifying trade-offs between spatial allocation, equity, dynamic efficiency, and fiscal sustainability.

“This paper benefited from discussions and preliminary analyses with Gabriel Gonzalez Sutil, who I thank for insight and
support. I thank Jin Hyun Park for excellent research assistance, and Rwanda’s Ministry of Infrastructure for information about
Rwanda’s electricity policy.



1— Introduction

There are extremely high capital costs of expanding networked utility infrastructure. Utilities must choose
whether to recover such costs via public finance, through “fixed cost recovery” in consumption or network
tariffs, or in upfront connection charges on new users. While from the perspective of usage markets, network
infrastructure is a fixed cost, network components such as lines, pipes, and poles are all marginal costs
of connecting new infrastructure users. So connection charges create a pricing problem because network
components may eventually be shared: to what extent should utilities pass through infrastructure costs to
users who require a marginal network extension?

In practice, distribution utilities use one of two approaches to pricing entry into distribution networks.
The first approach is a flat fee, under which the utility pools planned, projected, and potentially subsidized
capital costs, then divides the remainder by its intended user base to set the price of connection. Its apparent
advantage is ex ante equity: connection charges do not depend on how remote new users are when they
connect. Its disadvantage is that prices do not ration costly network extensions, so utilities need to plan
coverage and decide who is eligible to connect in advance. Distance-based charges, the other approach, pass
through marginal supply-side costs of network expansion to new adopters. Remote, isolated users decide for
themselves whether the network extension they need to connect is worth the passed-through connection
charge, so by comparison, distance-based charges are a market-based approach to connection pricing.
But it has a catch. When first movers provision infrastructure extensions that prospective en-route and
downstream users would share, they create a positive pecuniary dynamic externality that cross-subsidizes
their neighbors.

This paper asks how marginal-cost pricing strategies within a market for utility connections affect
who privately provisions infrastructure, when they adopt, and how their local decisions aggregate to affect
overall outcomes. The net effect, even on adoption quantities, depends on an efficiency-equity tradeoft.
On one hand, positive externalities are inefficient, because users who anticipate a neighbor’s provision of
shared infrastructure have a strategic incentive to delay uptake even when they can afford it. On the other
hand, high-value users have more to lose from waiting and therefore have stronger incentives to provision
infrastructure first. They may self-select into expensive early connections that equitably cross-subsidize
their lower-value neighbors, allowing them to adopt at lower rates. To make sense of this mechanism, I
start by developing a theoretical model that shows how distance- or materials-based connection charges
create a dynamic public-good provision game. In addition to predicting inefficient delay and directed
cross-subsidies, the model shows that strategic complements that predict joint adoption and dynamic
strategic substitutes that manifest as free-riding. Next, I develop empirical tests of whether adoption
responds to strategic incentives. I estimate the extent to which prospective customers anticipate, cooperate
with, and free-ride on their neighbors’ infrastructure provision using a case study of Rwandan electricity
distribution networks, finding that prospective utility customers do indeed behave strategically. Finally, I
estimate a structural model that nests a coalition-formation subgame within a dynamic waiting game on an
evolving infrastructure network. I use it to quantify how, under counterfactual connection policies, local
strategic responses aggregate to form spatial allocation, cost incidence, and utility financial outcomes.

The first contribution of this paper is to show that marginal-cost pricing creates a dynamic public-good



provision game in utility infrastructure network expansion.! Existing literature shows that income distribu-
tions affect private public-good provision by changing who voluntarily contributes (Warr 1983; Bergstrom,
Blume, and Varian 1986); that Shapley values provide a standard solution concept for cooperatively sharing
infrastructure costs in networked public-good games (Shapley 1953; Hart and Mas-Colell 1989; Littlechild
and Owen 1973); and that users’ locations and directed externalities determine efficiency and equilibrium
provision (Allouch 2015; Elliott and Golub 2019). Adding dynamics means that the physical network
changes endogenously and consequently affects the shape of externalities, the set of remaining candidate
adopters, and connection charges.” As the grid expands, monotonically declining connection charges over
time create a war of attrition similar to Bliss and Nalebuff (1984), where users with higher values connect
first because they have more to lose from waiting.® In equilibrium, they select into cross-subsidizing the
connection charges of lower-value en-route and downstream neighbors. The theory predicts that the utility
can price discriminate an otherwise homogeneous connection when it uses distance-based charges and
rations the rollout of the grid.

I test for strategic incentives within Rwandan electricity distribution networks. Sub-Saharan African
electricity distribution networks are growing utilities where the stakes are particularly high. There are
harsh fundamentals in low willingness to pay and high capital costs (Lee, Miguel, and Wolfram 2020b),
but also incredibly ambitious electricity access targets spurred by Sustainable Development Goal 7 and
Mission 300. Rwanda’s institutional setting is one such context where the game occurs. The public utility
uses distance-based connection charges. Rather than expanding the grid first and then inducing uptake,
last-mile distribution network expansion is mostly triggered by customer connection requests. I combine
unusually detailed, timestamped geospatial customer connections with distribution infrastructure network
data to reconstruct the expansion of 177 rural distribution networks over time. The resulting data make
the game observable. When network expansions occur, I can observe both sides of the externality: who
provisions infrastructure and who subsequently benefits.

My theory proposes that adoption hazards around an anticipated charge-reducing network expansion
should follow the shape of a heartbeat. Hazards decrease from a baseline equilibrium into the anticipated
event, spike with joint adoption, and then regress into a higher baseline after connection charges have
declined. The second contribution is to identify and decompose the strategic incentives that pump the
heartbeat. There are four substantial identification challenges. Utilities endogenously place infrastructure
to meet the spatial configuration of anticipated demand. Cooperation and free-riding are mutually exclusive
strategic responses to the same infrastructure externality, making them difficult to identify separately.

1. Utility infrastructure is non-rival up to a capacity constraint. It is not strictly non-excludable because the utility can exclude
users. Even so, utilities typically have legal duties and responsibilities to serve conditional on upfront charges. What matters for the
game is that prospective users cannot exclude each other. While shared network components such as electricity poles theoretically

are a congestible club good rather than a pure public good, I use the public-good label as shorthand for the private-provision game
over them.

2. For this reason, I found that using a network formation approach such as Haller (2016), or more generally Bala and Goyal
(2000) or Jackson and Wolinsky (1996) intractable. Utility customers do not choose who to link to, instead they have a binary
choice of whether to adopt and the utility builds a predetermined least-cost extension. This avoids a dynamic problem over every
feasible tree and sequence of adoption decisions.

3. By analogy to Bliss and Nalebuff (1984), waiting for a neighbor to connect first resembles awkwardly waiting for someone
to start the party while encircling an empty ballroom dance floor. The one who can least stand it enters first, slaying the dragon of
requesting that the utility provision network infrastructure.



Strategic incentives depend on neighbors’ endogenous adoption decisions, which creates simultaneity and
a reflection problem (Manski 1993). And infrastructure network externalities may be correlated with social
network peer effects.

I match these four empirical challenges to four identification strategies. First, I construct and measure
an anticipated externality matrix that represents customers’ expectations over how the grid will evolve
due to a neighbor’s connection (Elliott and Golub 2019). Its construction removes the demand pull of other
users on the infrastructure network’s topography (Lipscomb, Mobarak, and Barham 2013; Faber 2014;
Banerjee, Duflo, and Qian 2020). Second, anticipation, joint adoption, and free-riding incentives manifest
in adoption behavior before, together with, and after a neighbor’s externality, so I use dynamic measures
of the externality matrix to separate them. Third, I jointly instrument cooperation and anticipation with
respective supply-side shift-share and demand-side peer-to-peer instruments (Goldsmith-Pinkham, Sorkin,
and Swift 2020; Bramoullé, Djebbari, and Fortin 2009). In the peer-of-peer instrument, I develop a method
of censoring linkages that provide direct externalities that would break the exclusion restriction. Both
instruments identify only those future network expansions that are anticipable from decision-time variation,
which is likely a subset of what prospective customers can observe in their local neighborhoods. Finally, I
control for confounding social peer effects through a second, non-infrastructure network constructed by
interacting electricity connection status with a bilateral inverse-distance network (Blume et al. 2015).*

My reduced-form empirical results show that strategic incentives are quantitatively important. Using
the above empirical strategies, I find that an anticipated 10 percent reduction in distance to the grid over
the next eight weeks lowers the weekly adoption hazard by 0.910 percentage points. This corresponds to a
23 percent reduction relative to a 3.909-percentage-point hazard in weeks where another customer adopts
within the network, and 2.4 times the unconditional mean weekly hazard of 0.379 percentage points. I test
that this is not driven by supply-side activity in a placebo, and find that nearby network extensions that do
not provide externalities do not result in the same strategic delay. Using a dyadic regression that compares
joint to sequential adoption rates, I find that where strategic complements are theoretically weakest, 32
percent of customer pairs jointly adopt, while where they are strongest, 66 to 81 percent of them do. Then,
using cross-sections of both utility and separate survey data, I show that customers with larger buildings
or higher ultimate consumption pay higher connection charges. Conditional on having grid electricity,
connection charges tend to have about a 0.2 correlation with indicators that reflect willingness to pay and
about a 0.05 correlation with indicators that reflect income. A flat fee would result in a zero correlation by
construction, so these results indicate selection into private provision and evidence that the mechanism
price discriminates. Overall, all reduced-form results are consistent with theory.

The third contribution of this paper is to develop a structural model that allows me to nest a within-period
participation subgame of strategic complements within an outer dynamic game of strategic substitutes.
I relax the standard assumption in two-step conditional-choice-probability (CCP) estimators of discrete
dynamic games that actions are conditionally independent and chosen simultaneously (Aguirregabiria,
Collard-Wexler, and Ryan 2021). Instead, I allow for interdependent actions within a period and show how
to construct model-consistent joint action probabilities, state transitions, and continuation values. In the

4. Social network peer effects in electricity primarily operate through consumption rather than connection decisions (Bernard
and Torero 2015).



inner subgame, branch-relevant neighbors have a meeting where they receive revision opportunities to join
a tentative coalition that jointly provisions their shared infrastructure. I show it is an exact potential game
(Monderer and Shapley 1996). The critical part of the model is that the terminal coalition of the meeting
must be described by a stationary Gibbs distribution (Blume 1993). The Gibbs distribution represents the
multiple equilibria that result from strategic complements as separate peaks, fully describing interdependent
participation decisions.

In the outer game, prospective customers construct continuation values that depend on neighbor
coalition formation. Unlike the standard approach, customers observe a tentative coalition as they make
decisions, so information sets differ and actions are correlated in equilibrium. Nevertheless, I show that
Hotz-Miller inversion can still be applied to equate the coalition-conditional choice-value differences and
exact potential differences to the log-odds of Coalition-Conditional Choice Probabilities (CoCCPs). Then I
invert CoCCPs using Bayes’ rule to form the coalition distribution conditional on waiting, which allows me
to construct one-step-ahead continuation values as a function of Gibbs states. The structural part of the
paper joins a recent industrial organization literature in modeling infrastructure adoption (Beatty 2022; dos
Santos and Guidetti 2024; Johnston, Liu, and Yang 2023), more broadly, network externalities and economies
of scale (Ackerberg and Gowrisankaran 2006; Bjérkegren 2019; Jia 2008), and a small literature at the
intersection of industrial organization and network formation (Mele 2017). I simulate several counterfactual
scenarios motivated by real-world policies, theory, and the ongoing structural transformation of the Sub-
Saharan electricity sector, and assess how local strategic incentives aggregate to affect endogenous network
expansion and electricity grid adoption.

Beyond the more fundamental economic questions above, the paper contributes to the literature on
electricity access in developing countries. This literature has focused primarily on the impacts of providing
electricity infrastructure on development outcomes, with substantially mixed evidence.’ Very little literature
studies connection pricing institutions. Lee, Miguel, and Wolfram (2020b) estimates the demand for grid
connections in a randomized control trial and finds willingness-to-pay is low. Blimpo, McRae, and Steinbuks
(2018) argues that low electricity consumption and limited tariff revenue mean Sub-Saharan utilities struggle
to generate revenue from consumption, forcing them to charge high upfront connection fees to build out the
grid. The current paper shifts attention from the impacts of infrastructure coverage and connection prices
to economic mechanisms and market design. The natural prescription for expanding electricity access
when focusing on infrastructure coverage or price levels is to increase public or concessional subsidies. By
contrast, a market-design focus argues instead that economic mechanisms can harness strategic incentives
to provide utilities with more bang for their buck. The present paper may also explain empirical irregularities
observed in previous studies. For example, Walter and Moneke (2024) shows that electricity access tends
to be bimodal across rural Zambian villages, with industrial users present in high access regions. Their
mechanisms section argues that cost externalities may explain it, but do not quite point to the Zambian
utility’s distance-based connection charges.

The dynamic public-good provision game studied here extends beyond Rwandan electricity distribution

5. For example, see Lee, Miguel, and Wolfram (2020a), Khandker, Barnes, and Samad (2009, 2013), Lipscomb, Mobarak, and

Barham (2013), Dinkelman (2011), Chakravorty, Emerick, and Ravago (2016), Grogan and Sadanand (2013), Rud (2012), Masselus
et al. (2024), van de Walle et al. (2013), Van de Walle et al. (2017), Burlig and Preonas (2022), and Jeuland et al. (2021).



networks. To close, I surveyed utilities elsewhere and found that some have adopted complementary
policies alongside distance-based charges to address or soften strategic incentives. For example, some
condition connection charges on local population density ex ante, while others refund first movers ex post
when second-movers connect to the infrastructure they provision. Other network utilities, from electricity
transmission to piped water and gas to fiber-optic networks, face the same choice in pooling expansion
costs or passing them through to new users. Overall, this paper argues that the dynamic externality created
by marginal-cost connection pricing creates strategic incentives that shape the cost incidence, spatial extent,

and the dynamic allocation of utility network infrastructure.

2 — A Network Expansion Game

This section presents a toy model of the strategic game created by distance-based utility connection policies.
Despite its simplicity, the toy model incorporates network cost, geometry, timing, a bargaining subgame,
and policy pricing. This section presents the game, its equilibria, and propositions relevant to the empirical
exercises. I do not consider welfare consequences here because the structural model will compare the
efficiency, equity, and financial consequences of alternative connection policies directly. The key insights

of this section are:
1. Distance-based policies create positive externalities and cross-subsidies between neighbors.

2. Willingness to pay (WTP) is a necessary condition for adoption, but not sufficient. Players with strategic

incentives may choose to delay adoption despite WTP.

3. Distance-based charges may create coordination failures, incentives to free-ride, or price discrimination.
The first decreases connections, the second temporarily delays adoption, and the third may increase

connections.

4. Strategic complements and strategic substitutes both occur, with the former within periods and the

latter across periods. Strategic complements are stronger with the proportion of shared infrastructure.
5. The unique Nash equilibrium in a repeated game is one in which the higher-value player adopts first.

6. Known neighbor externalities produce a heartbeat-like shape in adoption hazards. Adoption hazards
decrease in anticipation of the event, joint contemporaneous adoption results from cooperation, and

free-riders adopt sequentially after charges have declined.

I will test insights 4, 5, and 6 in the reduced form.

2.1. Positive Externalities and Cross-Subsidies

Figure 1 visualizes the externality in an infrastructure network graph.® Three potential players, i, j, and
k € Z, are depicted as squares. I refer to them as players or adopters throughout and as buildings or
6. Network nodes may be players, junction points, or sources, and edges represent the relevant linear infrastructure, such as

pipes or wires. For my electricity-distribution application, nodes are buildings, poles, and transformers; edges are low-voltage
lines.



prospecti