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1 Introduction

In recent decades, development banks and micro-finance institutions in developing countries

have funded the expansion of formal financial institutions into rural areas. Recent randomized

evaluations show that the effects of expanding formal borrowing and savings opportunities are

generally positive but limited (Banerjee, Karlan, and Zinman 2015). One factor that might

impact the effectiveness of formal credit market expansions is the availability of local informal

alternatives.

In this paper, I structurally evaluate the effects of microfinance interventions in the presence

of informal credit markets. Microfinance interventions introduce formal options to households’

financial choice set. But microfinance might also impact existing informal choices through

equilibrium effects as demand and supply in those informal credit markets shift in response to

interventions. The joint effects of microfinance could lead to different welfare consequences

for heterogeneous households depending on their borrowing and savings needs. By combining

the formal and informal options, my analysis spans prior structural analyses of microfinance.

Kaboski and Townsend (2011) conduct a structural evaluation of microfinance at the micro level

without distinguishing between formal and informal choices, while Buera, Kaboski, and Shin

(2021) analyze the macro-equilibrium effects of microfinance without considering the response

of local informal credit markets.

To accomplish this, I develop and estimate a dynamic equilibrium risky entrepreneur model

that incorporates formal as well as informal borrowing and savings choices. In the model,

households are infinitely lived, risk averse, and have varying productivity and wealth. Households

choose risky capital investments and savings, and they can finance their risky investments through

borrowing. The formal credit market is characterized by exogenously determined differential

borrowing and savings interest rates, and formal credit is subject to a potential collateral constraint.

In contrast, in the informal market considered here, full enforcement is assumed, and market

clears given a locally determined borrowing and lending interest rate. The model has several key

features of formal-informal credit market interactions: First, formal and informal credit market

options differ in interest rates, collateral requirements, and access/transaction costs; second,

formal and informal options could be substitutes or complements as households sort into seven
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credit market participation categories;1 third, informal credit markets are localized, and exogenous

changes in formal credit market conditions could shift equilibrium local informal interest rates.

Given these features, microfinance availability can have redistributive consequences through

equilibrium effects on locally determined informal interest rates. The existing structural

microfinance evaluation literature generally models improvements in microfinance as a shift in

the borrowing collateral constraints (Buera, Kaboski, and Shin 2015). In the context of this

model, subsidizing the centrally set formal borrowing and savings interest rates, reducing access

transaction costs, and relaxing borrowing collateral constraints can separately and jointly improve

microfinance availability. The effects of relaxing the collateral constraints could be magnified or

dampened by variations in formal borrowing and savings fixed costs and interest rates.

I estimate the model using panel data from the Townsend Thai Monthly Survey, which

contains extensive information about the sizes and rates of formal and informal credit market

transactions for about 650 households from 16 villages between 1999 and 2009. During this

period, in 2001, the Thai government, under Prime Minister Thaksin Shinawatra, implemented

a wave of large-scale policies, including the Million Baht Village Fund program, aimed at

broadening rural households’ access to the formal credit market.2 Specifically, the policies

reduced interest rates by offering a low fixed borrowing rate, reduced fixed costs by directly

administering formal loans with centrally set rates via village committees, and potentially helped

relax collateral constraints by increasing the number of formal loans available. As a result of

these policies, the proportion of households that used formal borrowing increased by up to 32

percentage points, and the formal borrowing interest rates decreased by up to 8 percentage points.

The local informal interest rate also dropped by up to 14 percentage points. I introduce the

Thaksin policy shift in my model as possible changes in centrally set formal interest rates, in

formal fixed costs, and in formal borrowing collateral constraints.

1 Households could borrow formally, save formally, borrow informally, lend (save) informally, borrow formally and
informally at the same time, borrow formally and lend informally, or not borrow or save. Households pay per-period
fixed costs to access any of the different credit market options. If households decide to borrow from the formal
credit market, they face a collateral constraint that limits borrowing up to a fraction of their physical capital choices.

2 Kaboski and Townsend (2011) studied the Million Baht Fund using a partial equilibrium model without
distinguishing between formal and informal choices and modeled the Thaksin policy as shifting the borrowing
constraints. They used data from 64 villages of the Townsend Thai Annual Survey. The annual survey has more
villages across a wider geographic area but has limited information on the local-informal credit market compared
to the monthly survey.
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The model is estimated using simulated maximum likelihood. I develop solution and

estimation algorithms that capture the differential effects of variations in formal and informal

access costs and constraints on asset choices and distributions. The estimation allows for the

identification of unobserved fixed costs and collateral constraints, and household preferences

and productivities. I allow the parameters that characterize the credit market to vary over time

and estimate their changes based on changes in credit choice category participation probabilities.

I find that the fixed costs to access the formal credit market dropped from about 9% of average

annual income to about 4.6%, and the collateral constraints were also significantly relaxed, more

than doubling how much each household could borrow formally given the same amount of

physical capital. Along with the lowering of the centrally set formal borrowing interest rates,

these changes resulted in significant improvements in households’ access to formal borrowing.

In terms of welfare comparisons, the estimated model suggests that there were winners and

losers. The majority of rural households are better off under Thaksin’s policies, although the

estimated steady state gains are close to zero in consumption-equivalent variation for most

households.3 Steady state welfare effects are heterogeneous across households. High productivity

households could gain up to about 5%. These households were previously constrained by

the collateral constraints or by the fixed costs from investing more in their household farms

or businesses. However, low productivity households could lose up to 1% in consumption-

equivalent variation. These households have relatively higher preferences for safe savings over

taking out loans to finance their low expected return risky investments. Their gains from lower

borrowing costs are outweighed by diminished savings opportunities due partly to the drop in

locally determined equilibrium informal interest rates.

I conduct counterfactual experiments to decompose the relative contributions of each of the

three formal borrowing access dimensions in explaining the effects of the Thaksin policies. The

redistributive welfare effects are largely driven by the relaxation of the collateral constraint,

which by itself accounts for 47% of the reduction in the informal interest rate. Reductions in

formal borrowing fixed costs had a large impact on participation shares, and by themselves

3 While it is difficult to compare across models that consider different equilibrium objects, Buera, Kaboski, and
Shin (2021) and Townsend and Ueda (2010) estimate welfare gains on the order of 5% to 15% from financial
deepening and consider equilibrium changes in wage and aggregate interest rates.
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these reductions account for 60% of the increase in the fraction of households using formal

credit options. Interestingly, the reduction in the centrally set formal borrowing interest rates

had limited effects on aggregate participation and the informal market interest rates. The three

measures of access have different impacts because they shift the average costs of formal loans

differently for different types of households.

Related Literature The analysis in this paper contributes to several strands of the literature.

First, there has been substantial research on the impacts of greater financial access on developing

economies (Buera, Kaboski, and Shin 2021; Dabla-Norris et al. 2020; Gine and Townsend 2004;

Greenwood and Jovanovic 1990; Kaboski and Townsend 2011; Lloyd-Ellis and Bernhardt 2000).

Despite the importance of informal financial arrangements (Townsend 1994; Udry 1994), these

dynamic models of financial deepening—formal credit market expansion—generally do not

explicitly consider informal financial options. Additionally, studies that test the fit of informal

risk-sharing models to data do not model formal options explicitly (Alem and Townsend 2014;

Karaivanov and Townsend 2014; Kinnan 2021). In this paper, I model risky entrepreneurs’

choices over formal and informal credit market options in an exogenous incomplete markets

setting. While there are different ways for rural households to transfer financial resources,

Karaivanov and Townsend (2014) find that a model with exogenously incomplete borrowing and

savings options fit consumption and investment data in rural Thai villages better than constrained

efficient credit/insurance models. The model in effect augments equilibrium models of risky

entrepreneurs (see review: Quadrini (2009)) with additional exogenous borrowing and savings

options. Similar to Kaboski and Townsend (2011), I treat villages as small open economies where

formal prices are exogenously determined, but I extend the framework to explicitly consider

informal choices and equilibrium interest rates determined within a local informal credit market.

My approach here focuses on the micro-equilibrium effects of formal credit market expansion

on village credit markets. This complements the work of Breza and Kinnan (2021) and Buera,

Kaboski, and Shin (2021), which focuses on the macro equilibrium effects of large microfinance

roll-outs on prices, including interest rates and wages, on the aggregate economy.

Second, this paper contributes to work that studies the interaction between formal and informal

credit markets. Due to the expansion of development banking, there has been significant interest
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in the interaction between formal and informal credit markets (Besley 1995; Hoff and Stiglitz

1990). Studies have analyzed the impact of differential access costs and contract enforcement

on the sorting between formal and informal borrowing options (Gine 2011; Karaivanov and

Kessler 2018); the interaction between suppliers of informal credits and formal banks (Floro

and Ray 1997; Madestam 2014); and the effects of formal credit expansion on informal credit

market interest rates (Demont 2016; Mookherjee and Motta 2016). To pin down the analytical

structures, these papers generally rely on non-dynamic models and generate sorting conditional

on wealth and types. This paper incorporates some core features of formal and informal credit

markets interaction into an empirical dynamic equilibrium framework with endogenous asset

distributions. Credit market participation now includes borrowing and savings in both markets,

and the supply side of informal credit is endogenized through the dynamics of savings.

Third, there is a significant and growing empirical literature that analyzes separate dimensions

of credit market policies. Studies have found that formal borrowing and savings choices are elastic

to subsidies or shifts in the interest rates of borrowing (Dehejia, Montgomery, andMorduch 2012;

Karlan and Zinman 2008) and saving (Schaner 2018). The expansion of formal borrowing or

savings opportunities, which partly reduces the fixed/transaction costs of access, have had modest

but heterogeneous effects on households in previously under-exposed areas (Banerjee, Karlan,

and Zinman 2015; Dupas et al. 2018). Offering loans to borrowers who would otherwise be

ineligible due to a possible lack of collaterals (Augsburg et al. 2015; Banerjee and Duflo 2014) has

also had mixed results. To allow for the coexistence of various formal and informal credit market

participation categories, I incorporate into the model formal borrowing and savings interest rates,

fixed costs, and collateral constraints. As a result, this paper provides a potential framework for

studying the non-separable effects of these important dimensions of formal credit market policies.

Fourth, there is a literature that studies how the provision of formal insurance could crowd-

out informal insurance (Attanasio and Rios-Rull 2000; Chandrasekhar, Kinnan, and Larreguy

2011; Krueger and Perri 2011). These papers find that more formal insurance provisions might

worsen informal conditions and lead to welfare losses. In this paper, I study formal and informal

market interactions in the context of exogenously incomplete credit markets. The welfare gains

and losses in this paper arise out of a competitive local-informal credit market’s interaction with
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an exogenous formal credit market with centrally set rates. This contrasts with the insurance

literature, where welfare losses arise in the context of an endogenously incomplete market

structure that is constrained by limited commitment and other frictions.

The structure of the paper is as follows. Section 2 develops the model. In Section 3, I describe

the data and background. Section 4 describes the estimation results and counterfactuals. I offer

the conclusion in Section 5. Additional details for the solution and estimation methods are in

Appendix Sections C.

2 The Model

For a village economy, there is a continuum of infinitely lived household firms that are

heterogeneous in their productivity type A, physical capital k, and financial asset b. A is fixed

over time and represents a household’s heterogeneous ability to earn income. k is the input for

the household firm. b is the sum of principal and interests due from or owed to both formal

and informal sources. Comparison of expected productivity and interest rates endogenously

determine households’ asset holdings. In each period, households face two kinds of shocks: a

productivity shock ε and a vector of credit category utility shocks Φ for alternative formal and

informal credit choice categories. Given these shocks, households choose assets within joint

formal and informal credit choice categories.

2.1 Preference

Households are risk averse with respect to consumption within each period, and utility over

consumption is separable over time. Individual expected utility over lifetime sequence of

consumption ct, is E
[
∑∞

t=0 βtu (ct)
]
, where within each period, utility from consumption is

(ct)
1−ρ

1−ρ . β is the discount factor, ρ is the coefficient of relative risk aversion. The expectation is

over realized values of productivity shocks ε and credit category utility shocks Φ.4

4 Φ primarily captures stochastic factors unrelated to intertemporal consumption and investments that impact
households’ willingness to save and borrow. For example, given realized shocks, households might have differing
levels of non-pecuniary values associated with borrowing from and lending to other households that are in search
of lending opportunities or that are in need of loans.
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2.2 Technology

At the beginning of each period, for each household, the household productivity typeA, normally

distributed productivity shock ε, and physical capital k, which is chosen previously by the

household based on expected productivity, jointly determine the income of the household in the

current period:5

y = exp (A+ ε) · kα . (1)

2.3 Credit Markets

Villages are small open economies with respect to external-formal financial choices with centrally

set interest rates. Villages also contain an endogenous internal-informal credit market with a

locally determined interest rate. Following Gine (2011), financial access in formal and informal

credit markets is impacted by fixed costs, interest rates, and collateral constraints. Households

choose among seven credit alternatives: physical capital only; borrowing from the informal

credit market; borrowing from the formal market; lending in the informal credit market; saving

in the formal market; borrowing jointly from the formal and informal markets; or concurrently

borrowing from the formal market and lending in the informal market.

2.3.1 Fixed Costs

There are four fixed costs: {ψFB, ψIB, ψFS, ψIS}. In each period, households pay the fixed costs

associated with the chosen credit category. These fixed costs represent the pecuniary and non-

pecuniary costs associated with formal and informal credit market activities,6 and the formal

fixed costs are potential policy instruments.

ReducingψFB andψFS, the fixed costs of accessing formal savings and borrowing opportunities,

can play an important role in deepening financial access (Dabla-Norris et al. 2020; Granda,

Hamann, and Tamayo 2019; Greenwood and Jovanovic 1990; Townsend 1983). There is also

5 The model focuses on financial (safe asset) and physical capital (risky asset) choices. Labor supply for the
household firm is inelastic and captured by A.

6 Pecuniary components of the fixed costs can include the costs incurred at home (e.g., bookkeeping), costs incurred
on the way to the bank (e.g., transportation or search costs), and costs incurred at the bank (e.g., fees). Non-
pecuniary components of the fixed costs can include the opportunity cost of time as well as general preference
aversion towards different credit market activities.
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strong empirical evidence that the fixed costs for formal banking access are significant in many

developing countries (Beck, Demirgüç-Kunt, and Martinez Peria 2008; Dupas et al. 2018).

The fixed costs for informal lending, ψIS, potentially captures the per-lender level costs of

set-up and monitoring (Greenwood and Jovanovic 1990; Townsend 1979; Williamson 1986).

While the literature has considered both aggregate as well as per-dollar-of-loan intermediation

costs (Becsi, Wang, and Wynne 1999; Greenwood and Jovanovic 1990), I focus on aggregate

costs, which can be the dominant factor for small-scale lending activities.

2.3.2 Interest Rates

There are three interest rates: the formal borrowing interest rate rFB, the formal savings interest

rate rFS, and the informal interest rate rI . The two centrally set formal interest rates are exogenous,

and the informal interest rate is competitively determined by local demand and supply. Even

though the locally determined informal interest rate rI is the same for borrowers and lenders, the

combination of informal interest rate rI and ψIS leads to informal interest earning differentials.7

The large roll-outs of micro-finance programs could potentially impact prices at the aggregate

level (Breza and Kinnan 2021; Buera, Kaboski, and Shin 2021). Here, however, I take the

interest rates offered by formal lending and deposit-taking institutions as centrally set policy

rates and focus on the effects of microfinance on micro equilibrium interest rates.

2.3.3 Collateral Constraint

Formal banks allow households to borrow up to γ fraction of their physical capital choice k
′ .

This means a fraction of risky investment could be financed by formal borrowing. Informal

borrowing is not constrained by γ. In the absence of possibly binding borrowing constraints,

households can borrow up to the natural borrowing constraint (Aiyagari 1994). The natural

borrowing constraint as well as the collateral constraint are visualized in Appendix Figure C.1.

The formal borrowing constraint can be interpreted as a collateral constraint that secures

7 A common interest rate differential arises if the cost of lending is incurred at the per-dollar-of-loan level (Dabla-
Norris et al. 2020). In that setting, the average and marginal rates are the same. In a setting with per-lender
aggregate fixed costs, the average interest rate differentials differ by the lender depending on the lending level.
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repayments given enforcement frictions (Buera, Kaboski, and Shin 2015).8 In contrast, full

enforcement (no strategic default) is assumed for informal loans. In addition to the collateral

interpretation, γ might also capture rationing given potential limits to the amount of loans that are

made available from formal lenders to households in each village (Kaboski and Townsend 2011).

2.3.4 Coexistence of Formal and Informal Choices

The four fixed costs, three interest rates, and one collateral constraint allow for the coexistence

of the seven credit market participation categories. Fixed costs can account for borrowers

choosing loans with higher interest rates and savers choosing savings opportunities with lower

savings rates. The collateral constraint allows households to jointly choose formal and informal

borrowing and limits the amount of arbitrage from borrowing formally and lending informally.

In this setting, for a development banker, there are five levers of formal credit market policies:

subsidizing centrally determined rFB or rFS, reducing ψFB or ψFS, and relaxing γ. The model

provides a framework for analyzing the effects of these policies jointly, taking into consideration

the informal credit market and the conditions of the village economy.

2.4 Recursive Formulation of the Household’s Problem

Households maximize their lifetime utility by choosing sequences of consumption, physical

capital, and formal and informal financial asset positions, subject to a sequence of budget

constraints and formal borrowing limits. LetW denote cash-on-hand (alternatively wealth).

W is the sum of financial asset, depreciated physical capital, and y which is realized given

productivity shock ε:

W (A, k, b, ε) = exp (A+ ε) · kα + (1− δ) k + b . (2)

8 Microfinance institutions generally distinguish themselves from traditional development banks by lowering
the collateral requirements (Cull, Demirgüç-Kunt, and Morduch 2009). In recent occupational-choices models
with entrepreneurial investment (Buera, Kaboski, and Shin 2021; Dabla-Norris et al. 2020), current period
static capital investments are constrained by prior dynamic savings choices—collateral is savings that banks can
confiscate. In this paper, risky capital decisions are made prior to the realization of productivity shocks, and γ

determines the proportion of risky physical capital that banks are willing to finance. Here, collateral is physical
capital that can be used to pay off loans.
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W is the resources available for consumption and new asset choices.

At the beginning of a period, the state-space s of the household is summarized by productivity

typeA, physical capital level k, financial asset level b, productivity shock ε, and a vector of credit

type-specific utility shocks Φ. Together, s = (A, k, b, ε, Φ). v (A, k, b, ε, Φ) is the maximum

over the value of the seven credit category alternatives discussed previously:

v (A, k, b, ε, Φ) = max
j∈{1,...,7}

{v1 (A, k, b, ε, φ1) , ..., v7 (A, k, b, ε, φ7)} . (3)

The optimal credit category choice is o (A, k, b, ε, Φ) ∈ {1, ..., 7}. vj
(
A, k, b, ε, φj

)
is the value

for each credit category j given optimal continuous assets and consumption choices. Credit

category utility shocks φj is i.i.d. extreme value and influences the relative values of the seven

credit choice categories given optimal continuous choices.

Equation (4) is the generic form of vj
(
A, k, b, ε, φj

)
. Given the period budget constraint, a

household chooses c, risky investment k
′ , and next period financial position b

′ :

vj
(
A, k, b, ε, φj

)
= max

c, k
′ ∈ K′j,

b
′ I ∈ B ′ Ij , b

′F ∈ B ′Fj

 u (c) + φj+

+βEε
′ ,Φ′
(

v
(
A, k

′
, b
′
, ε
′
, Φ

′
))

 , (4)

s.t.: c =W (A, k, b, ε)− k
′ − ψj −

{
b
′FI
{

b
′F>0

}
1+rFS +

b
′FI
{

b
′F≤0

}
1+rFB + b

′ I

1+rI

}
, (5)

b
′
= b

′ I + b
′F .

The budget constraint for each category j includes the fixed costs ψj and the associated interest

rates. K′j, B
′ I
j and B ′Fj are the constraint sets for asset choices in each participation category.

The continuation value is a function of the state space elements
(
A, k

′
, b
′
, ε
′
, Φ

′
)
. Next period

financial position b
′ represents the net amount of principal plus interest owed and earned from

borrowing and saving undertaken by the household in the current period. Full equation for each{
vj
}

j∈{1,...,7} is shown in Appendix Section A.

Nesting the safe and risky asset choice problem of Equation (4) within the discrete participation
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Fig. 1. Weighted Continuous Policy Functions
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Panels show: 1. consumption share of wealth; 2. safe savings (the sum of informal savings, formal
savings, and joint formal borrowing and informal savings) share of savings and risky investment; 3. risky
investment as a fraction of wealth; 4. the share of risky investment financed by borrowing (the sum of
informal borrowing, formal borrowing, and joint borrowing).

categories of Equation (3) allows for the analysis of key types of formal and informal participation

possibilities. Despite the nesting, asset choices have expected patterns. In Figure 1, the y-axis

shows average continuous choice solutions toEquation (4) integrated over the discrete probabilities

induced by Equation (4). As wealth increases, the overall fraction of wealth invested in risky and

safe assets increases, and the risky investment share of overall savings decreases. Lower wealth

households finance a portion of their risky investment through borrowing. Households with

low wealth and high productivity type externally finance the majority of their risky investment

by borrowing. Households with high wealth and low productivity type consume the smallest

proportion of their wealth and invest more in safe savings. These heterogeneous borrowing and

savings needs of households are important in sorting households into demanders and suppliers of

credit on the informal market with locally determined interest rates. Improvements in borrowing

and savings access can benefit households differently.

2.5 Stationary Competitive Equilibrium

Given centrally set formal interest rates for savings rFS and borrowing rFB, collateral constraint γ,

and a vector of fixed costsΨ, a RecursiveCompetitive Equilibrium consists of the values and policy

function for the household v : S → R, o : S → {1, ..., 7},
{

cj, k
′
j, b
′I
j , b

′F
j : S→ R

}
j∈{1,...,7}

,
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locally determined informal interest rate rI , as well as stationary measure µµµ, such that:

1. Given rFS, rFB, rI , γ, Ψ, the value function v solves Equation (3) and the value functions{
vj
}

j∈{1,...,7} solves Equation (4) for each j ∈ {1, ..., 7}. o and
{

cj, k
′
j, b
′I
j , b

′F
j

}
j∈{1,...,7}

are the associated policy functions.

2. Informal credit market clears:

∫  ∑
j∈{1,...,7}

Pj (A,W , πΦ) · b
′I
j (A,W)

dµµµ (dA, dW) = 0 , (6)

where Pj (A,W , πΦ) denotes the probability of a household with (A,W (A, k, b, ε))

choosing credit category j, given the distribution over the credit category utility shocks πΦ.

In this stationary equilibrium, the measure µµµ over the state space is invariant with respect to the

Markov process induced by ε, Φ, the distribution of A, and the policy functions.9

While the locally determined informal credit market clears, the formal market with centrally

set rates does not have to. Positive excess supply of formal credit means that formal institutions

are mobilizing rural savings. Village income would come from within village production as well

as from returns to formal savings. Negative excess supply of formal credit means that formal

institutions are injecting credit into the village economy. Risky investments in the village would

be partly financed by outside banks that receive a portion of village outputs as interest payments.

For policy experiments, welfare in the aggregate village economy is measured by a social

welfare function in the steady state10 that is Utilitarian with equal weights assigned to all

households.
9 Households facing negative productivity shocks draw down their savings or resort to borrowing to finance
consumption and maintain physical capital investments. Conversely, positive productivity shocks can lead to
increases in savings and physical capital investments. The introduction of discrete credit category shocks generates
greater uncertainties. Given credit category participation probabilities, I generate overall wealth transitionmatrices
that integrate over credit-category-specificwealth transitionmatrices. While I do not offer a formal proof, within the
range of parameter values explored during estimation, the numerical methods discussed in Appendix Section C.1.3
is able to find the model-induced Markovian wealth transition matrices and corresponding stationary distributions.

10 While it is important to consider welfare along the transition path, this paper focuses on steady state welfare
comparisons. This is a limitation of the approach here. Estimating the structural model while accounting for
the transition path would require solving for equilibrium transition paths at each set of parameters that the
estimation algorithm searches through. For computational tractability, estimation is conducted under steady state
assumptions. To preserve the consistency between estimation and counterfactual analysis, I compute welfare
changes under steady state assumptions as well.
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2.6 Solving the Dynamic Programming Problem

Solving heterogeneous-agent equilibrium models with multiple continuous and discrete states

and constrained continuous and discrete choices is potentially time-consuming. Furthermore,

given that the model has four fixed costs, one collateral constraint, and three interest rates, the

solution algorithms need to accurately capture how these eight values determine the feasible

choice set as well as the average prices of borrowing and saving in formal and informal credit

markets. I adopt a set of solution algorithms to reduce iteration and increase accuracy within

each of the five standard steps involved in solving this class of model.11

The algorithm produces conditional asset distributions, which are used in constructing the

estimation likelihood described in Section 4.2. To arrive at these conditional asset distributions,

I first solve for optimal choices given current value function approximation using an iterative

grid search algorithm as described in Appendix Section 40. Then, I approximate the expected

future value using multi-linear splines over k
′ and b

′ as described in Appendix Section C.1.2. In

Appendix Section C.1.3, I derive the distribution of wealth tomorrow based on wealth in the

current period as a transition matrix. I project to solve for the steady state asset distributions.

Finally, I solve for the equilibrium interest rate using a multi-section algorithm where I also

integrate over different productivity types as described in Appendix Sections C.1.4 and C.1.5.

3 Data and Background

I estimate the model with Thai village data. Thai villages have traditionally had strong informal

credit markets (Siamwalla et al. 1990). The Thai government has also subsidized the expansion

of state development banks led by the Bank for Agriculture and Agricultural Cooperatives

(BAAC) (Maurer, Khadka, and Seibel 2000).

After the election of Thaksin Shinawatra in 2001, the government introduced programs to

improve rural borrowing access. The Million Baht Village Fund (MBF) program was the most

11 The five general parts are: 1, optimization of the choice problem; 2, iteration over the value function; 3, simulation
of the steady state distribution; 4, integration over types; 5, finding equilibrium prices. Speed improvements for
the first three steps are achieved through vectorization, and for the final two steps are achieved by using more
parallel processors.
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prominent program and provided every village with one million baht in credits at centrally set

rates (Boonperm, Haughton, and Khandker 2013). The total funds amounted to 1.5 percent of

GDP (Kaboski and Townsend 2012). The funds were transferred to villages via the BAAC, but

the power to approve loans was in the hands of local committees. In addition to the MBF, the

government gave BAAC a greater mandate to expand its lending programs, and also created

additional programs through other agencies.12

I use the 1999 to 2009 waves of the Townsend Thai Monthly data, which is a panel for about

650 households in 16 villages (Samphantharak and Townsend 2009).13 The villages are split

between the wealthier Central and the more impoverished Northeast regions. Households consist

of multiple generations and operate businesses and farms of varying scales. In contrast to the

Townsend Thai Annual Survey, which has 64 villages and allows for analysis using village-

level variations of MBF credit-per-household (Kaboski and Townsend 2011, 2012), the monthly

survey has more complete data on formal and informal financial transactions.

3.1 Formal and Informal Channels

3.1.1 Borrowing and Savings Alternatives

Table 1 presents the relative popularities of the main lenders: MBF and BAAC are external-

formal lenders with centrally set rates; Village Coops, friends/neighbors, and moneylenders are

internal-informal lenders with locally determined rates.14 Village coops are by definition specific

to the village or township. 72 percent of loans from friends/neighbors and money-lenders are

from within the village or township (tambon), and 93 percent are from within the same province

(changwat). For the analysis in this paper, I aggregate across villages in the two wealthier central

provinces and the two poorer northeastern provinces separately. The analysis assumes that local

12 The Government Savings Bank was given additional resources. There were also lending programs aimed at
supporting small businesses, funding the purchase of low-priced household goods, and financing schooling costs
(Boonperm, Haughton, and Khandker 2013; Menkhoff and Rungruxsirivorn 2011; Phongpaichit and Baker 2004).

13 There were 684 households in 1999. Summary statistics and estimation rely on 606 households for whom there is
information for all years. 304 households are from the Northeast.

14 Village Coops include Production Cooperative Groups and Village Agricultural Cooperatives. Commercial
banks are external-formal lenders, but I do not consider them in the analysis since they only account for 0.3
percent of the total number of loans.
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conditions are similar within each region.

In the Northeast, 78% percent of households borrowed at least once from the MBF, 62%

from the BAAC, 36% from Village Coops, 83% from friends and neighbors, and 38% from

moneylenders. In the Central villages, informal participation rates are roughly half of those in the

Northeast. On average, formal borrowers borrowed formally in half of the years between 1999

and 2009, and informal borrowers borrowed from friends and neighbors in four of these years.

Table 2 also presents the relative popularities of the main channels for savings: commercial

banks, the BAAC, and the GSB are external-formal deposit takers; saving at Village Coops

and lending to other households constitute internal-informal savings. In the Northeast, 94% of

households saved with either the BAAC or the GSB, 37% saved with commercial banks, 64%

saved with Village Coops, and 67% lent directly to other households. In the Central villages, the

use of commercial banks for saving was twice as frequent as in the Northeast, and individual

lending took place half as often. On average, formal depositors made deposits in 7.8 out of the

11 years, and household lenders lent out in 2.6 out of the 11 years.

3.1.2 Formal and Informal Credit Categories

I annualize household credit market participation. Some households used one option annually:

borrowing or saving formally, borrowing or saving informally, or no borrowing or saving. Some

households borrowed from both formal and informal sources, and others borrowed from formal

sources and lent informally in the same year.15 Households are classified as choosing one

of these seven participation categories, which allow for substitutability and complementarity

between formal and informal options.16

Thaksin’s policies started in the second half of 2001, but came into full force in 2002. Given

potential heterogeneities in borrowing and savings frictions as well as household productivity and

wealth distributions across villages, external-formal interventions could have differential local-

informal effects depending on whether the complementarity or substitutability of informal and

15 Joint credit choices have long been observed in village economies (Floro and Ray 1997; Hoff and Stiglitz 1998).
Bell, Srinivasan, and Udry (1997) discuss joint formal and informal borrowing.

16 Households with other combinations of activities are grouped into these seven categories based on the level of
borrowing and savings they undertake formally and informally.
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formal options dominate. Tables 3 and 4 show the average annual household participation shares

in the seven credit market categories between 1999–2001 and between 2002–2009. Overall,

the informal household participation shares are higher in the Northeast villages, and the saving

shares are higher in the Central villages. There is a large shift after the implementation of

Thaksin’s policies. After 2001, Northeast households that only borrowed or saved formally

increased by 23 percentage points, and those that only borrowed or lent informally decreased

by 21 percentage points. In the Central villages, these shares increased by 7 and decreased by

2 percentage points, respectively. At the same time, the proportion of households using both

formal and informal credit markets increased after 2001, shifting from 6.7 percent to 18 percent

of households in the Central villages, for example.

3.2 Formal and Informal Loan Characteristics

3.2.1 Interest Rates

I compute annual interest rates taking into consideration pecuniary repayments as well as

repayments in kind. Table 5 and Figure 4 show distributions of annualized average village

interest rates for formal and informal categories. I find that loans with locally determined rates,

informal loans in the context of this paper, were higher than loans with centrally set rates, formal

loans in the context of this paper.17 Additionally, informal borrowing interest rates were higher

than formal savings interest rates. Both formal and informal interest rates decreased significantly

over time.18 The average informal interest rate in the Northeast was 28% before 2002, compared

to 15% for formal borrowing and 3.3% for formal saving. The corresponding rates in the Central

region were 18%, 13%, and 3.2%, respectively. After the policy shift, the informal interest rates

17 BAAC and MBF rates, which are centrally set and tend to be subsidized, have limited variations within areas and
periods, but informal interest rates have higher mean as well as variance. While the definition for informality
differs across studies, local-informal loans have been found to carry high rates (Conning and Udry 2007). For
example, Banerjee et al. (2017) find this to be the case in Hyderabad, India. At the same time, a significant
proportion of loans to relatives and friends often have low reported rates. Karaivanov and Kessler (2018) show
that these ostensibly low-cost loans might have high implicit social-tie-based "shadow costs" that could make
them more expensive, in expectation, than formal loans.

18 Using the Annual survey, Kaboski and Townsend (2012) find that the level of household MBF borrowing does
not have significant impacts on average credit-interest rates. This is consistent with MBF borrowers relying on
MBF and BAAC loans with similar rates.
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decreased by 14 percentage points to 13.9% and 8 percentage points to 9.4% in the Central and

Northeast regions, respectively. Accompanying these shifts, the formal borrowing interest rates

decreased by 8 percentage points in both the Northeast and Central regions to approximately 6%,

and the formal saving interest rates in both regions also decreased by approximately 2 percentage

points to about 1%.

3.2.2 Borrowings and Savings Amounts

Using annualized sums of formal or informal borrowing activities and the net-flow of formal or

informal savings activities, Appendix Figure B.2 shows that formal loan sizes tend to be larger

than informal loan sizes and informal savings/lending tend to be larger than formal savings. The

median informal individual lending size is 17,500 baht. Although some households have very

large amounts of formal savings, aggregating across all, the median net flow of formal savings is

approximately 8,000 baht per year. The median formal and informal borrowing loan sizes are

27,000 and 15,500 baht, respectively. These compare to a mean annual income across survey

years of around 125,000 Baht and a median annual income of around 65,000 Baht among the

sampled households.

Disaggregating across lenders, Appendix Figure B.3 shows that BAAC loans tend to be larger

in size, and loan sizes from those that are categorized as village moneylenders and friends are

similar. Additionally, aggregating the loan volumes of key lenders, Appendix Table B.1 shows

that there was a significant increase in MBF loan volume shares and a corresponding sharp drop

in informal lender loan volume shares after the Thaksin policy shift.

3.2.3 Fixed Costs

The survey captures aspects of the pecuniary fixed costs for borrowing. Appendix Table B.2 and

Figure B.4 show significant reductions in loan-specific fees and transportation costs after 2001 for

formal borrowing, mainly due to the lower reported costs for MBF loans. MBF loans had fees and

transportation costs similar to informal loans, which is likely due to their village committee-based

administration. Reported BAAC costs also decreased over time, which might have been driven

by improvements in the BAAC itself or reductions in transportation and communication costs.
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BAAC costs, however, were still twice as high as the average costs reported for informal loans.

Strikingly, reported costs for the few commercial bank loans were, on average, seven times larger

than the costs for BAAC loans and almost 35 times larger than the costs for MBF or informal loans.

3.2.4 Collateral and Repayment

Across all years, 21.0 percent of all BAAC loans have collateral requirements. Before 2002, this

proportion was 32.3 percent. After the policy shift, 15.7 percent of BAAC loans have collateral

requirements. For MBF loans, less than 0.1 percent have collateral requirements. This evidence

indicates that the overall collateral requirements for these formal loans with centrally set interest

rates are relaxed after the policy shift. In contrast, 6.9 percent of loans from non-relatives and

4.5 percent of loans from relatives are reported as having collateral requirements. Over time, the

share of informal loans requiring collateral did not change significantly.

For repayments, Appendix Tables B.3 and B.4 show that 97 percent of formal loans and 95

percent of informal loan principals were repaid.19 Additionally, households that do not fully pay

back their loans still pay a significant proportion of their debts.20 Relatively high repayment

rates could be due to strong informal enforcement mechanisms, localized monitoring of MBF

loans, or the presence of collateral constraints for BAAC loans.

The combination of limited collateral and high repayment for locally determined informal

loans motivates the full-enforcement assumption for informal loans in the model. For formal loans

with centrally set rates, the relatively higher collateral requirements and their reductions over

time motivate the modeling of formal loans with a collateral constraint that could vary over time.

19 Every month, repayment amounts of each loan are tracked until full repayment. I compute repayment rates three
months after the initially stated due date for each loan.

20 Using the Townsend Thai Annual data, Kaboski and Townsend (2011) find that repayment rates for MBF loans
are 97 percent, and for other loans are between 77 to 88 percent. The repayment of interest and principal seems to
be differentiated for informal loans. Repayment rates considering principals only is high, but there are variations
in initially stated interests and actual interests paid.
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4 Estimation and Counterfactuals

4.1 Parameters

I interpret the Thaksin policy shifts as changes in the formal interest rates, the formal fixed costs,

and the formal borrowing collateral constraints.21 The focus of estimation is to identify the two

unobserved dimensions of credit access, namely fixed costs and collateral constraints, before and

after the policy shift, as well as parameters for household preference and the production function.

To estimate the model, I divide the data into a pre-Thaksin period and a post-Thaksin period.

For each period, I estimate separate values for fixed costs and collateral constraints for villages in

the Northeast and Central regions of Thailand. The main parameters that need to be estimated are:

Θrτ =

 βr, ρr, σφ̂r︸ ︷︷ ︸
Preference

, αr, δr, µArτ
, σAr , σεr︸ ︷︷ ︸

Production

, Ψrτ, γrτ︸ ︷︷ ︸
Credit Market

 ,

where r is region, and τ represents the two periods. Preference and production function

parameters differ across regions except for the mean of A, which is time- and region-specific to

allow for productivity shifts. Credit market parameters are different across periods and regions.22

I assume that households do not predict the changes in credit market access.

The identification for the credit access parameters ψrτ and γrτ comes from the fact that

changes in fixed costs and collateral constraints have separate impacts on households’ credit

choice probabilities. If the fixed costs for formal savings increase, it will tend to reduce the

probability of households choosing formal savings. If the fixed costs for formal borrowing

increase, that will tend to reduce the probability of formal borrowing along with the probability of

21 Large-scale expansions of credit market access might often involve shifting multiple dimensions of credit market
access jointly. For example, through significant interest rate subsidies, the Reserve Bank of India helped to
finance the expansion of branch banking, with formal borrowing and savings services, to 30,000 rural villages
between 1969 and 1990 (Burgess and Pande 2005). This Indian policy could also be interpreted as shifting
formal savings and borrowing interest rates, fixed costs, and collateral constraints jointly.

22 Formal credit market parameters shift over time due to policy changes. In addition to that, I also allow the informal
savings/lending fixed costs to vary over time. The growth of formal alternatives reduces households’ reliance on
the informal credit market for consumption smoothing and investment financing, potentially weakening their
commitments to informal arrangements (Attanasio and Rios-Rull 2000; Chandrasekhar, Kinnan, and Larreguy
2011). This could increase the information acquisition and monitoring costs for local lenders, which is captured
by the informal savings/lending fixed costs.
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choosing the two joint formal and informal credit choice categories. As the collateral constraint

relaxes, the relative probability of choosing the joint options would decrease.

In addition to the credit access parameters, the identification of utility parameters β, ρ, and σφ̂

come from households’ preferences for borrowing versus savings and the equilibrium interest

rates, which differ across regions. The identification of production function parameters comes

from the relationship between risky investment and output.23

Finally, I solve and estimate the model under steady state assumptions. Potentially, given the

vectors of Θrτ for two periods in the same region, one could solve for policy functions and prices

along the transition path, and construct transition path-specific likelihoods. This would, however,

compound the computational burdens of the estimation procedure. Additionally, parameters

might become not identifiable if there is indeterminacy in mapping the microdata to positions

along the transition path. Given these concerns, for estimation, I assume that the observed data

capture steady state choices.24

4.2 Maximum Likelihood

For estimation, in addition to the discrete credit market participation information described

earlier, I use income, asset, and consumption data from household balance sheets compiled by

Samphantharak and Townsend (2009). Income is household revenue from all sources minus costs.

Physical assets include land, business and agricultural assets, livestock, and household assets.

Following Karaivanov and Townsend (2014), I exclude from physical capital land, livestock, and

durable household assets.25 I deflate prices by 2005 northeast rural price levels using different

23 Both permanent productivity types and a persistent shock process can capture persistence in the income process,
but they are in practice difficult to jointly identify given the data. For estimation, I set shock persistence to zero.

24 On the one hand, by averaging over choices during the transition and at the steady state, the estimation procedure
might underestimate the magnitudes of the improvements in borrowing conditions. On the other hand, conditional
on parameter estimates, welfare analysis might overstate gains by assuming that consumption functions shift to
the steady state immediately. Jointly, the effects of imposing the steady state assumption on estimation, which is
a limitation of the approach in this paper, are ambiguous.

25 Pawasutipaisit and Townsend (2011) describe key asset variables and find that while overall wealth increased at
2.7 percent in nominal terms every year, 44 percent of households experienced negative growth in net wealth
between 1999 and 2005. For the data periods here, real consumption in the Northeast increased, on average, from
47.1 thousand baht to 55.5 thousand baht from the before-policy to the after-policy period. 1st, 5th, 15th, and
25th percentile real consumption decreased from 12.6, 18.5, 25.5, and 29.4 thousand baht to 11.0, 17.0, 24.5, and
29.3 thousand baht, respectively. Median and third-quartile consumption increased from 39.1 and 51.2 to 42.8
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rural price indexes for each region.

I estimate the model using simulated maximum likelihood with measurement errors. I

simulate the likelihood by integrating over the steady state joint wealth W and productivity

type A distributions derived in Appendix Sections C.1.3 and C.1.4. The likelihood is deter-

mined by the individual i and time t specific continuous choices and states observed with

error
(

k̂
′
it, b̂

′
it, ĉit, Ŵit

(
k̂it, b̂it, ŷit

))
, the observed discrete choices jit, the policy functions

k
′
j (A,W ; Θrτ), b

′
j (A,W ; Θrτ), cj (A,W ; Θrτ), Pj (A,W ; Θrτ), and the region r and period τ

specific joint f (W ,A; Θrτ) steady state distributions.26

The probability of observing
(

k̂
′
, b̂
′
, ĉ, j

)
given

(
Ŵ
(

k̂, b̂, ŷ
))

is:

f
(

k̂
′
, b̂
′
, ĉ, j | Ŵ

(
k̂, b̂, ŷ

))
=
∫
W

∫
A

f
(

k̂
′
, b̂
′
, ĉ, j | A,W

)
f (A | W) f

(
W | Ŵ

)
dAdW ,

(7)

where the first term in the integral is the product of lognormal measurement errors and the

discrete credit choice category probability: f
(

k̂
′
, b̂
′
, ĉ, j | A,W

)
= fζk · fζb · fζc · Pj (A,W)

, with fζk = fζk

(
log(k̂

′
)− log(k

′
j (A,W))

)
, and similarly for fζb and fζc .27 The log ratio

measurement error assumes that observed and model-generated b choices have the same signs,

which implies that discrete choice j is not observed with measurement error. Additionally, I obtain

f (W | A) while solving the model following the procedure in Appendix Section C.1.4, hence

f (A | W) can be replaced using Bayes’ rule: f (A | W) = f (W|A) f (A)∫
f (W|Â) f (Â)dÂ . Following

Appendix Sections C.1.3 and C.1.4, the integrals in Equation (7) are approximated using mid-

point Riemann-sum forW and quadrature for A. Finally, Ŵ is determined by measurement

and 66.9 thousand baht. (Nominal consumption percentiles are uniformly higher except for the 1st percentile.)
26 Karaivanov and Townsend (2014) estimate, among other models, a partial equilibrium dynamic borrowing and

savings model with maximum likelihood also using these rural Thai data. They build a likelihood function based
on policy functions tracing out the path of choices without steady state assumptions given fixed interest rates.

27 Given that Φ is assumed to be i.i.d extreme value, Pj (A,W) follows standard multinomial-logit formulations.
The probability of choosing one of the credit categories is:

P (oit = j | Ai, kit, bit, εit) =
J

∏
j=1

 exp
(

v̂itj (Ai, kit, bit, εit) /σφ̂

)
∑J

l=1 exp
(

v̂itl (Ai, kit, bit, εit) /σφ̂

)
I{oit=j}

. (8)

Since v̂itj is not linear-in-parameters, σφ̂ allows for conventional logit scaling normalization (Train 2009, Chapter
3). Additionally, while φjit is uncorrelated across j, the categories share common shock εit.
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errors for k̂, b̂, and ŷ. Given these, the likelihood is:

`rτ =
Nr

∏
i=1

Tτ

∏
t=1

{∫
W

∫
A

f
(

k̂
′
it, b̂

′
it, ĉit, jit | A,W ; Θrτ

)
f (A | W ; Θrτ) f

(
W | Ŵit

)
dAdW

}
.

(9)

I estimate the model using the log of ∏r∈{1,2},τ∈{1,2} (`rτ) as the objective function.28

It is important to note that both measurement errors on the continuous choices as well as

credit category utility shocks Φ are needed to assure that the joint choice probabilities can be

computed during the estimation process. Within bounds of the state space, credit category utility

shocks assure positive choice probabilities for each credit market participation category. Given

the discrete choice, the measurement errors on the asset choices assure positive probabilities of

observing any asset choices.

4.3 Estimation Routine

Dynamic heterogeneous-agent equilibrium models with discrete and continuous choices are

time consuming to estimate. Searching for the correct local minimum often requires restarts

to calibrate estimation step-size and tolerance levels. I develop a global optimization routine

that minimizes the use of loops and iteration by parallel computing. The algorithm has four

steps that take advantage of scalable parallel computing resources and is described more fully in

Appendix Section C.2.1. In brief, the process is as follows: 1. I evaluate the model concurrently

at a large set of randomly drawn model parameters; 2. I approximate the estimation objective

function using polynomials; 3. I estimate an approximated version of the model by evaluating the

objective function using polynomial regression coefficients; and 4. I estimate the model using

the actual model objective function and use results from earlier steps to find initial parameters.

The first three steps are fully parallelizable and could provide step four with parameter values

28 In standard partial equilibrium life cycle models with discrete choices and continuous asset states and choices that
are measured with errors, the econometrician simulates the life-cycle a large number of times given sequences of
shocks. The differences between these paths and the actual path of observed individual choices are components of
the likelihood function (e.g., Imai andKeane 2004; Keane andWolpin 2001). In thesemodels, the asset distribution
is partially endogenous, given initial exogenous asset distributions. In the problemhere, the asset distribution is fully
endogenous. Given the non-iterative procedure for deriving conditional asset distribution described in Appendix
Section C.1.3, f (A | W) can be obtained without simulating histories. Consequently, evaluating Equation (9)
does not involve sequential simulations but is obtained from a set of matrix multiplications and additions.
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that are potentially close to global minimizers. The procedure potentially reduces estimation

time significantly. I discuss computational structures and the costs of running this algorithm on

cloud computing services in Appendix Sections C.2.2 and C.2.4.

4.4 Estimation Results and Interpretations

Parameter estimates are shown in Tables 6 and 7. Fits are shown in Table 8. In Table 6, estimated

fixed costs are shown as fractions of annual average income in the first period. The estimated

model fits credit participation shares and asset choices generally well across regions and periods.

The exception in the Northeast is that the model overpredicts the proportion of households

borrowing informally only, and consequently the average share of informal borrowing in total

borrowing.29 The exception in theCentral provinces is that themodel overpredicts consumption.30

The estimated formal borrowing fixed costs fractions decreased in the Northeast region from

0.090 to 0.046, a 49% reduction. In the Central region, where changes in participation rates

were more limited, formal borrowing fixed costs fractions decreased from 0.044 to 0.033. In

comparison, using an earlier round of the Thai survey, Gine (2011) provides estimates for formal

borrowing fixed costs that would be approximately 7% of the earlier period borrowing fixed

costs in the Northeast region. These reductions are driven by the introduction of MBF and other

policies that brought formal lending decisions to local communities, reducing the fixed costs of

what I categorize as external-formal lending. Reductions in these fixed costs help to explain

increases in formal credit market participation rates over time. The fixed costs for formal savings

decreased as well, but their changes were less significant. The estimated formal borrowing fixed

costs fractions decreased in the Northeast region from 0.083 to 0.071. In the Central region,

29 This is perhaps because in the estimation—while other fixed costs are allowed to vary across periods—the
informal borrowing fixed costs are fixed across periods. Additionally, given the likelihood-based estimation
approach, it is possible that at parameters that maximize the log-likelihood, predicted moments do not match well
with a subset of empirical counterparts. This is especially true in this model, given the relatively parsimonious
parameter specifications. In the tradition of Keane and Wolpin (1997), a strategy to improve fits is to incorporate
additional exogenous observables and discrete unobserved types into the model. That could allow for greater
heterogeneities in predicted choices conditional on states. That approach, however, would significantly increase
the computational burdens for solving and estimating the model.

30 In the Central provinces, the model predicts that consumption should be in excess of three-fourths of outputs, but
in the data, it is only half. This might be related to the fact that Central households purchase more household
durable goods than Northeast households, and durable household goods are excluded from estimation.
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formal savings fixed costs fractions decreased from 0.011 to 0.001, indicating the availability of

low-cost deposit-taking services in these more affluent areas.

Table 6 also presents fixed costs estimates for informal borrowing and savings. The informal

borrowing fixed costs fractions are 0.053 in the Northeast region and 0.124 in the Central region.

Interestingly, in the Central region, to fit the low participation shares in informal borrowing, the

fixed costs estimates for informal borrowing are higher than for formal borrowing.31 Additionally,

the estimated fixed costs fractions for informal savings are 0.134 for the Northeast region in the

earlier period and 0.186 in the later period, and are 0.151 for the Central region in the earlier

period and 0.156 in the later period. Households with low savings needs do not lend informally

unless they receive a large positive shock.32 Informal fixed costs could be partly attributed to

local preferences toward informal borrowing and savings activities, and they could also partly

represent credit search costs for borrowers and intermediation costs for savers/lenders.

An important result here is that while borrowing opportunities improved in the Northeast,

savings opportunities did not. The formal savings fixed costs decreased by 14 percent, improving

formal savings opportunities, but the informal savings fixed costs increased by 39 percent. Given

these results and the drops in both the formal savings interest rates as well as the informal interest

rates, the return to savings decreased in the Northeast.

In addition to changes in the fixed costs parameters, Table 6 also shows that in the Northeast

region, the collateral constraint fraction increased from 0.28 to 0.56, and in the Central region, the

collateral constraint fraction increased from 0.36 to 0.41. In comparison, modelingMBF as a shift

in borrowing constraints—specified as a fraction of a household’s permanent income—Kaboski

and Townsend (2011) find that constraints under MBF relaxed from about 8 percent of permanent

income to about 28 percent, on average.33 Relaxing the collateral constraints increases the fraction

31 Without preference shocks for credit participation categories, fixed costs for the lower interest rate formal
borrowing option would need to generally be higher than the fixed costs for the higher interest rate informal
borrowing option (Gine 2011). Higher informal costs could reflect the higher costs of finding credit suppliers
when the informal market is small.

32 When positive shocks induce households to lend informally, households might be lending small amounts
informally with negative average returns. It is often observed that informal savings/lending might earn negative
returns. For example, Banerjee et al. (2017) explicitly consider a fixed negative savings interest rate.

33 The borrowing constraints fractions in this paper are multiplied by physical capital, and hence not directly
comparable to the Kaboski and Townsend (2011) results. Both results show that relaxing borrowing constraints
was a key Thaksin policy channel, but it seems that the borrowing constraints were tighter initially and experienced
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of risky investments that could be financed by formal borrowing and also increases the amount of

consumption that could be financed by formal borrowing given the same level of risky investments.

The changes in formal borrowing conditions were likely brought about by the MBF program.

As discussed earlier, the program allowed households to borrow from village committees.

Pecuniary borrowing costs could have decreased: for example, there were reductions in observed

formal borrowing fees and transportation costs, as discussed in Section 3.2.3. It should be noted

that the estimated fixed costs are much higher than the reported fees and transportation costs,

indicating that the reported costs might not fully capture various pecuniary and non-pecuniary

costs associated with formal banking access. For example, non-pecuniary borrowing costs

could also have changed: communicating with village committees about credit needs might

be less burdensome than less familiar BAAC managers. Additionally, the MBF did not have

explicit collateral requirements, as noted in the data section. MBF also made large quantities of

additional funds available for formal lending through these committees with local knowledge.

4.5 Welfare Consequences of Thaksin’s Policies

Thaksin’s policies expanded formal borrowing access, especially in the Northeast. However,

returns to savings generally diminished in the Northeast, as discussed in Section 4.4. Northeast

welfare effects are shown in Figure 2. All estimated and observed parameters from the two

periods are used to calculate welfare changes in terms of consumption equivalent variation

(CEV) gains for households with different productivity and wealth levels. To be consistent with

the estimation procedure, I conduct steady state welfare analysis. The welfare analysis does not

consider the costs incurred to the government for financing Thaksin’s policies.

Figure 2 shows welfare effects for subsets of households. At the top left, high productivity type

and low wealth households gain on the order of slightly more than 5% CEV. These households

have high borrowing needs and can now borrow formally more cheaply given both the drop in

the interest rate and fixed costs.34 The second group of households includes those who have

greater relaxation under Kaboski and Townsend (2011)’s framework. In the set-up here, shifts in fixed costs
and interest rates can change the fraction of households constrained (in joint participation categories), holding
borrowing constraints constant.

34 These households also face future states in which they would have high savings needs. The worsening of savings

25



Fig. 2. Welfare Change in Northeast from 1999-2001 to 2002-2009
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Notes: This figure shows the steady state welfare impacts of Thaksin’s policies that lowered formal
borrowing interest rates and fixed costs, and relaxed formal borrowing collateral constraints. I compare
steady state welfare for households facing credit market access parameters from the 1999-2001 and
the 2002-2009 periods. I present welfare changes in terms of consumption equivalent variation (CEV)
percentage points changes. Credit market access parameters are observed or estimated.

more than average productivity type and higher levels of wealth. These households gain on the

order of 0.15% to 5% CEV. In this group, some of the gains are due to reductions in the formal

borrowing interest rate. The presence of informal options weakens welfare gains here: the gains

of switching from informal borrowing to a lower-cost formal borrowing option is less than the

gains of moving from autarchy to borrowing.

The third group consists of a large proportion of households with average levels of productivity

and wealth, shown in the central area of Figure 2. These households have modest current

period borrowing needs and benefit less from the lower formal borrowing interest rates or

relaxed collateral constraints. Looking forward, they face future states in which they have higher

borrowing or higher savings needs. Overall, these households experience slightly positive but

conditions is detrimental to them. But overall, they benefit more from the improvements in borrowing conditions.
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limited gains from the policy changes.

The last two groups have higher wealth and lower productivity levels. They are shown in the

bottom right of Figure 2. These households suffer welfare losses of up to 1% CEV due to the

worsening of savings conditions. They have low expected returns for investments, and hence also

lower borrowing needs compared to more productive households. Gains from improvements in

borrowing conditions are outweighed by losses due to the lower formal and informal savings

interest rates as well as the higher informal lending fixed costs. The welfare losses are smaller

for households with slightly higher productivity types and lower levels of wealth.

Welfare effects for the last two groups could be different if informal markets are not considered.

Specifically, in Kaboski and Townsend (2011), poor and low productivity households benefit

frommicrofinance consumption loans. Here, the same households already had access to low fixed

costs informal consumption loans and switching to microfinance consumption loans led to limited

gains. Additionally, conditional on productivity type, higher wealth households in this setting

can lose from improvements in borrowing conditions: productive but low wealth households rely

less on higher wealth informal lenders as financiers for their high return risky capital investments.

4.6 Impacts of Shifting Dimensions of Formal Access

In this section, I conduct counterfactual policy experiments in which I shift each formal borrowing

policy parameter from its value in the 2002-2009 period back to its value in the 1999-2001

period while holding other parameters at their 2002-2009 levels. As in Section 4.5, I focus on

the Northeast region only. The policy effects are nonlinear and non-separable. Hence, their

individual impacts do not sum up to their joint effects. The policy experiments investigate the

incremental effects of policy shifts along each policy dimension individually, conditional on the

empirical estimates of other policy parameters.35

35 Gine (2011) also analyzes the effects of shifting these policy dimensions in magnitudes unrelated to Thaksin’s
policies and in the context of a static partial equilibrium model. In both static partial equilibrium and dynamic
general equilibrium settings, reductions in borrowing interest rates, drops in borrowing fixed costs, and the
relaxation of collateral constraints lead to greater formal borrowing participation. The addition of dynamics
means that effects are due to both changes in policy functions as well as distributions. The addition of equilibrium
means that changes in formal borrowing conditions might shift informal borrowing and savings conditions as
well. The overall dynamic equilibrium model allows for welfare analysis.
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4.6.1 Fixed Costs

In this particular policy setting, I find that fixed costs changes can be effective in changing

credit market participation shares but have limited equilibrium effects. As discussed previously,

lowering the fixed costs reduces the average costs of borrowing, especially for households with

limited borrowing needs or households that are constrained in how much they can borrow, and

leads to higher formal borrowing participation shares. Specifically, shifting the formal borrowing

fixed costs parameter back up to its previously higher level reduces the proportion of households

using only the formal credit market from 44% to 32%. This means that the lowering of the formal

borrowing fixed costs by itself accounts for 52% of the total change in formal only participation

shares and increases the first-period formal only participation shares by 57%; if households that

use formal and informal markets jointly are also considered, these two percentages would be

60% and 36%, respectively.

Setting the formal borrowing fixed costs at their previous levels also increases the informal

interest rate from 13.9% to 17%. The change is modest because the impacts from reduced demand

for informal borrowing only would be attenuated by increased demand for informal loans from

households who borrow jointly. Limited equilibrium effects mean that the changes in fixed costs

were not the key factor driving the redistributive welfare consequences presented in Figure 2.

4.6.2 Interest Rates

Interestingly, the large change in the formal borrowing interest rate from 14.8% to 6.1% has

relatively small impacts on participation rates. This is because given formal borrowing fixed

costs and collateral constraint, changing formal borrowing interest rates mainly impacts the

average cost of formal loans for households with higher borrowing needs—low wealth but very

productive households. However, these households would have already been borrowing formally,

even at higher formal interest rates. Given other parameter values in 2002-2009, increasing the

formal borrowing interest rate back to its previous level would have less than a 3 percentage

point impact on participation rates and would only increase the informal interest rate by 1.5%.

Given the relatively small impacts on equilibrium interest rates, similar to fixed costs, interest

rate changes had limited redistributive welfare consequences in this policy setting.
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4.6.3 Collateral Constraints

Relaxing the formal borrowing collateral constraint can allow formally constrained households

to borrow more and at lower average costs. Given the estimated parameters, this brings about a

significant change in the demand for informal loans as previously constrained households who

borrowed informally switch to formal borrowing. As a result, tightening the collateral constraint

back to its previous level would increase the informal interest rate from 13.9% to 20.5%. The

difference is equal to a 24% reduction in the pre-policy period informal interest rate. The result

also indicates that the lowering of the collateral constraint by itself can account for 47% of the

total change in the informal interest rate.

The impacts of shifting the collateral constraint on aggregate participation rates, however, are

limited to up to three percentage points of change.

Fig. 3. Welfare Change in Northeast with γ Variations between 1999-2001 and 2002-2009
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Notes: This figure shows the welfare impacts of the estimated collateral constraints relaxation component
of Thaksin’s policies. I compare steady state partial equilibrium and general equilibrium welfare for
households facing the collateral constraint parameter from the 1999-2001 and the 2002-2009 periods,
holding all other parameters at 2002-2009 levels. I present welfare changes in terms of consumption
equivalent variation (CEV) percentage point changes.
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Given the significant impacts on the informal interest rate, the relaxation of collateral

constraints is the key contributor to the redistributive welfare consequences shown in Figure 2.

To analyze this further, in Figure 3 I present steady state partial and general equilibrium welfare

changes driven by the shift of the collateral constraints γ. The y-axis shows percentage point

changes in CEV, the x-axis indicates wealth levels, and three subplots present results for lower (-

1 standard deviation), mean, and higher (+1 standard deviation) productivity types, respectively.

Dashed lines show partial equilibrium results, and solid lines show general equilibrium results.

CEV changes from relaxing γ from 0.28, the estimated value during the 1999-2001 period, to

0.56, the estimated value from the 2002-2009 period, are shown in dark blue. For comparison,

CEV changes from relaxing γ from 0.28 to 0.42 only are shown in lighter blue.

First, the partial equilibrium CEV changes are all positive. Under the partial equilibrium

analysis here, as the collateral constraints relax, the value from choosing formal borrowing

improves, but the values associated with alternative credit market choices do not worsen. The

government finances a costly program, and the model predicts that all households would benefit,

given their current and future expected needs for financing consumption and investments.

Second, the positive welfare impacts under partial equilibrium are heterogeneous across

households and can be very small. For lower productivity households, CEV gains do not

exceed 0.25% across wealth levels despite doubling γ from 0.28 to 0.56. For mean and higher

productivity type households, those with lower wealth gain up to 1.9% CEV. The gains decrease

rapidly but stay positive as wealth increases. Similar to the results from Figure 2, gains are

limited by the prior availability of informal loans.

Third, allowing for equilibrium informal interest rate responses lead to greater gains for some

households. Across productivity types, at lower wealth levels, the general equilibrium CEV

gains are larger than the partial equilibrium gains. Households that are in need of loans benefit

both from the relaxed formal borrowing constraint and the drop in the informal interest rate.

However, the general equilibrium gains in excess of the partial equilibrium gains are very limited,

not exceeding 0.2% CEV in Figure 3. This is because the improvements in formal borrowing

conditions reduce households’ reliance on informal borrowing and reduce the benefits of a lower

informal borrowing interest rate.
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Fourth, the reduction in informal equilibrium interest rates leads to welfare losses. For

households with higher wealth, the small gains under partial equilibrium are outweighed by

losses in the expected values from the informal savings alternatives due to lower informal interest

rates. Losses are greater for lower productivity type households and can amount to up to 0.5%

CEV. Lower productivity and higher wealth households, as shown earlier in Figure 1, invest

comparatively more in lending and savings and less in risky capital investments. They benefit

from lending to lower wealth but more productive households in their villages. Improvements in

formal borrowing access, given the parameters here, reduce the number of high productivity

local household-firms that have to rely on local financing and are detrimental to the welfare of

lower productivity and higher wealth households in the villages.

Overall, Figure 3 shows two key sets of crossing points that determine the redistributive

welfare consequences of relaxing collateral constraints when informal markets are considered.

Each productivity type has a welfare gain crossing point along the wealth axis where the general

equilibrium CEV gains fall below partial equilibrium gains. Additionally, each productivity

type’s general equilibrium CEV curve has an x-intercept marking the wealth level where CEV

gains become losses. Both crossing points are increasing in productivity type, and the second

comes after the first given strictly positive welfare gains under partial equilibrium.

Since collateral constraints are the key driver of equilibrium interest rate changes, the results

from Figure 3 match up with the aggregate welfare consequences from Figure 2 when all

Thaksin policies are jointly considered. I should note that at alternative combinations of fixed

costs and interest rates, the level of gains or losses from relaxing γ might be magnified or

dampened compared to the results in Figure 3. Given the potential complementarity as well

as substitutability between formal and informal options that the model allows for, under some

parameter combinations, a shift in collateral constraints might not have significant impacts on

the informal interest rates. The quantitative welfare consequences of microfinance policies have

to be evaluated on a case-by-case basis.
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5 Conclusion

In recent decades, formal financial services have expanded significantly in developing countries.

This paper evaluates the impacts of improving access to the formal credit market on rural

households, taking into consideration the impacts of changing formal credit market conditions

on the informal credit market.

I built a risky entrepreneur model assuming that villages are small open economies with

respect to formal credit market options that have centrally set rates, but households can also

borrow and save in an equilibrium local credit market with the locally determined rate. The

model allows for evaluating the impacts of formal credit market expansions through interest rate

subsidies, access fixed costs reductions, and collateral constraint relaxations. Policy evaluations

take into consideration equilibrium responses of the informal credit market. In the empirical

section of the paper, I explored detailed data on formal and informal credit market interactions

from Thai villages. I connected the model with the Thai micro-data by estimating the model

using Simulated Maximum Likelihood. The likelihood function incorporates choice probabilities

given endogenous asset distributions determined by model parameters.

Using the estimated model, in the case of these Thai villages, I showed that there are

redistributive consequences of microfinance policies through general equilibrium effects on

informal interest rates. Without equilibrium considerations, all households can experience

welfare gains from improvements in formal borrowing conditions. These gains are, however,

limited because informal borrowing alternatives were already available. In equilibrium, policies

that improve formal borrowing conditions can drive down informal interest rates and could hurt

less productive and higher wealth households who face diminished opportunities for savings. In

particular, I find that in the context of the Thaksin policies, relaxing the collateral constraints was

the key driver of equilibrium interest rate changes and redistributive steady state welfare effects.

In solving and estimating this model, I developed solution and estimation algorithms that

minimize the use of loops and iteration by parallel computing. The solution algorithm captures

the impacts of variations in the four fixed costs, three interest rates, and one collateral constraint

on household choices and equilibrium outcomes. The global estimation algorithm chooses initial

values for estimation by first exploring the estimation objective function through polynomial

32



approximations. The solution and estimation algorithms can reduce estimation time by taking

advantage of scalable cloud computing resources.

Currently, while many microfinance institutions offer both borrowing and savings services,

there remain many development financial institutions, including many development banks, that

are mainly oriented toward expanding borrowing access (Luna-Martinez et al. 2018). My

counterfactual simulations suggest that when households rely on local informal credit markets to

meet differential needs for borrowing and saving, efforts that mainly improve formal access for

borrowing could lead to more limited informal savings opportunities for households and their

subsequent welfare losses.
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Tables and Additional Figures

Table 1. Channels for Borrowing from 1999 to 2009

Percentage of Number of Years
Households Who with New Loans
Have Borrowed (out of 11)

Northeast Region (poorer)
Million Baht Fund formal 78.0 7.13
BAAC formal 61.6 5.58
Village Coop informal 35.9 3.00
Friends and Neighbors informal 83.3 3.99
Village Moneylenders informal 37.5 1.93

Central Region (richer)
Million Baht Fund formal 74.5 6.73
BAAC formal 40.8 5.70
Village Coop informal 16.9 3.56
Friends and Neighbors informal 48.5 2.27
Village Moneylenders informal 12.9 1.50

Notes: To effectively model the variety of borrowing choices shown in Table 1, I group
lenders into formal and informal categories. The Million Baht Fund (MBF) and the Bank
for Agriculture and Agricultural Cooperatives (BAAC) are formal lenders with centrally
set interest rates. Friends, neighbors and village moneylenders are local-informal lenders.
Village Coop includes Production Cooperative Groups (PCG) and Village Agricultural
Cooperatives, which are local semi-formal organizations that mostly intermediate credit
among households within villages. This paper considers Village Coops as falling within the
informal credit market with locally determined interest rates. See Section 3.1.1 for detail.
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Table 2. Channels for Saving from 1999 to 2009

Percentage of Number of Years
Households Who with New Deposits

Have Saved (out of 11)

Northeast Region (poorer)
Commercial formal 37.4 4.56
BAAC and GSB formal 94.1 7.82
Village Coop informal 64.1 6.33
Individual lending informal 66.6 2.57

Central Region (richer)
Commercial formal 77.9 5.25
BAAC and GSB formal 85.6 6.41
Village Coop informal 75.2 7.54
Individual lending informal 33.1 2.23

Notes: To effectively model the variety of savings choices shown in Table 2, I group savings
channels into formal and informal categories. Households could save formally at commercial
banks, the BAAC, and the Government Savings Bank (GSB). Households can also save
informally by lending to other individuals directly. When they save in village coops, I
consider that households are saving informally. See Notes for Table 1 for what village coops
are. See Section 3.1.1 for detail.
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Table 3. Credit Category Participation Shares

Northeast Region (poorer) Central Region (richer)

1999-2001 2002-2009 1999-2001 2002-2009
percent percent percent percent

Formal and Informal 31.5 40.3 6.7 18.1
Formal Only 21.1 44.0 51.5 58.3
Informal Only 32.0 11.1 12.1 9.9
Neither 15.5 5.6 29.7 13.8

Table 4. Credit Category Shares Across Seven Participation Types

Northeast Region (poorer) Central Region (richer)

1999-2001 2002-2009 1999-2001 2002-2009
percent percent percent percent

Formal Borrowing 14.9 29 21.5 24.2
Formal Saving 6.2 14 30 34.1
Informal Borrowing 25 6.2 9.2 6.1
Informal Saving 7 4.9 3 3.8
Formal+Informal Borrowing 24.1 32.5 5 14.3
Formal Borrow+Informal Saving 7.4 7.8 1.7 3.8
No Credit Transactions 15.5 5.6 29.7 13.8

Notes: Households’ credit market choices within a calendar year can be categorized as falling within
one of the seven credit participation categories listed in Table 4. This table shows that after 2001, due to
policies that promoted formal borrowing such as the Million Baht Fund Program (see Section 3), the
proportion of households participating in the formal credit market increased significantly, especially in
the Northeast region. See Section 3.1.2 for detail.
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Fig. 4. Village/Year Real Interest Rates for Different Lenders
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Notes: Village/Year Interest rates are average interest rates for each lender type for each village in each
calendar year. See Section 3.2.1 for detail.

Table 5. Annual Average Real Interest Rate (percent)

1999-2001 2002-2009

Northeast Region (poorer)
Informal Interest 27.9 13.9
Formal Borrowing Interest 14.8 6.1
Formal Saving Interest 3.3 1.1

Central Region (richer)
Informal Interest 17.6 9.4
Formal Borrowing Interest 13.0 5.4
Formal Saving Interest 3.2 1.0

Notes: Table 5 and Figure 4 show that formal and informal interest rates decreased after 2001.
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Table 6. Credit Access Parameters (See Section 4.4)

Northeast Central
1999-2001 2002-2009 1999-2001 2002-2009

Fixed Costs as a Fraction of 99-01 Average Income

ψFB (Formal Borrowing) 0.090 0.046 0.044 0.033
( 0.008 ) ( 0.02 ) ( 0.044 ) ( 0.0053 )

ψFS (Formal Savings) 0.083 0.071 0.011 0.001
( 0.0045 ) ( 0.0054 ) ( 0.037 ) ( 0.00025 )

ψIB (Informal Borrowing) 0.053 0.124
( 0.0044 ) ( 0.098 )

ψIS (Informal Savings) 0.134 0.186 0.151 0.156
( 0.034 ) ( 0.011 ) ( 0.056 ) ( 0.042 )

γ (Collateral Constraint) 0.28 0.56 0.36 0.41
( 0.047 ) ( 0.015 ) ( 0.21 ) ( 0.23 )

Table 7. Preference and Production Parameters (See Section 4.4)

Northeast Central

Preference:
Discount β 0.88 ( 0.038 ) 0.92 ( 0.04 )

CRRA ρ 1.2 ( 0.17 ) 1.3 ( 0.15 )

Multinomial σφ̂ 1.5 ( 0.45 ) 1.7 ( 0.33 )

Production Function:
Elasticity α 0.15 ( 0.02 ) 0.34 ( 0.03 )

Depreciation δ 0.056 ( 0.0048 ) 0.071 ( 0.054 )

µA(99-01) 8.75 ( 0.42 ) 7.87 ( 0.4 )

µA(02-99) 8.96 ( 0.46 ) 7.94 ( 0.44 )

σA 0.84 ( 0.025 ) 1.18 ( 0.025 )

σε 0.87 ( 0.019 ) 0.97 ( 0.041 )

Measurement Error:
σζb

a 0.25 ( 0.019 ) 0.15 ( 0.012 )

σζk 0.18 ( 0.014 ) 0.15 ( 0.012 )

σζy 0.38 ( 0.03 ) 0.18 ( 0.014 )

σζc 0.16 ( 0.012 ) 0.68 ( 0.53 )

a ζb ∼ N
(
−σ2

ζb

2 , σ2
ζb

)
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Table 8. Model Fit

Northeast Central
1999-2001 2002-2009 1999-2001 2002-2009

Discrete Choices (0.01 = 1 percent):

PIB data
0.25

∣∣0.24 data
0.062

∣∣0.14 data
0.092

∣∣0.08 data
0.061

∣∣0.08
[ 0.187, 0.252 ] c.i.95% [ 0.087, 0.170 ] c.i.95% [ 0.065, 0.098 ] c.i.95% [ 0.060, 0.096 ] c.i.95%

PIS data
0.07

∣∣0.08 data
0.049

∣∣0.07 data
0.03

∣∣0.028 data
0.038

∣∣0.035
[ 0.049, 0.102 ] c.i.95% [ 0.017, 0.090 ] c.i.95% [ 0.014, 0.044 ] c.i.95% [ 0.021, 0.050 ] c.i.95%

PFB data
0.15

∣∣0.17 data
0.29

∣∣0.25 data
0.22

∣∣0.21 data
0.24

∣∣0.25
[ 0.128, 0.179 ] c.i.95% [ 0.207, 0.274 ] c.i.95% [ 0.198, 0.223 ] c.i.95% [ 0.225, 0.257 ] c.i.95%

PFS data
0.062

∣∣0.11 data
0.14

∣∣0.12 data
0.30

∣∣0.30 data
0.34

∣∣0.33
[ 0.062, 0.122 ] c.i.95% [ 0.102, 0.150 ] c.i.95% [ 0.289, 0.309 ] c.i.95% [ 0.297, 0.335 ] c.i.95%

PFB+IB data
0.24

∣∣0.22 data
0.33

∣∣0.28 data
0.05

∣∣0.06 data
0.14

∣∣0.11
[ 0.180, 0.227 ] c.i.95% [ 0.192, 0.291 ] c.i.95% [ 0.037, 0.075 ] c.i.95% [ 0.057, 0.124 ] c.i.95%

PFB+IS data
0.074

∣∣0.08 data
0.078

∣∣0.11 data
0.017

∣∣0.021 data
0.038

∣∣0.042
[ 0.074, 0.127 ] c.i.95% [ 0.078, 0.144 ] c.i.95% [ 0.006, 0.043 ] c.i.95% [ 0.025, 0.055 ] c.i.95%

Continuous Choices (in thousands of baht, 2005 northeast rural price):

mean k data
76.5

∣∣76.10 data
82.0

∣∣84.34 data
79.5

∣∣77.71 data
97.1

∣∣97.34
[ 66.50, 85.93 ] c.i.95% [ 70.95, 91.24 ] c.i.95% [ 69.52, 99.56 ] c.i.95% [ 87.97, 120.41 ] c.i.95%

mean y
data
49.0

∣∣52.15 data
75.1

∣∣64.97 data
185.5

∣∣181.20 data
206.3

∣∣198.16
[ 30.49, 73.97 ] c.i.95% [ 38.13, 88.54 ] c.i.95% [ 138.12, 215.68 ] c.i.95% [ 163.24, 252.16 ] c.i.95%

mean c
data
47.1

∣∣48.98 data
55.5

∣∣54.09 data
79.8

∣∣119.78 data
90.2

∣∣148.49
[ 37.80, 57.92 ] c.i.95% [ 49.24, 60.78 ] c.i.95% [ 103.72, 138.62 ] c.i.95% [ 128.54, 173.04 ] c.i.95%

mean All Borr.
y

data
0.440

∣∣0.474 data
0.516

∣∣0.511 data
0.192

∣∣0.183 data
0.239

∣∣0.240
[ 0.289, 0.651 ] c.i.95% [ 0.372, 0.707 ] c.i.95% [ 0.083, 0.286 ] c.i.95% [ 0.130, 0.341 ] c.i.95%

mean Informal Borr.
Borrow

data
0.266

∣∣0.345 data
0.168

∣∣0.274 data
0.109

∣∣0.107 data
0.089

∣∣0.100
[ 0.171, 0.412 ] c.i.95% [ 0.231, 0.338 ] c.i.95% [ 0.055, 0.322 ] c.i.95% [ 0.040, 0.277 ] c.i.95%

Notes: See Section 4.4 for detail. Cells show data average, model prediction average, and confidence interval based
on estimates from Tables 6 and 7.
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ONLINE APPENDIX

An Empirical Equilibrium Model of Formal and Informal Credit
Markets in Developing Countries

Fan Wang

A Value Functions for Discrete Choices (Online Appendix)
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B Additional Data Details (Online Appendix)

B.1 Data: Village Locations
Fig. B.1. Townsend Thai Monthly Survey Village Locations

Notes: This paper uses panel data from 16 Thai villages collected between 1999 and 2009. The panel

includes detailed credit market transaction information for more than 650 households. 8 of the 16 villages

are located in the poorer Northeast region, and 8 villages are located in the wealthier Central region of

Thailand. See Section 3 for details.
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B.2 Data: Volume Shares by Lender

Table B.1. Share of Volume of Loans by Lender Type

Overall 1999-2001 2002-2009

Northeast Region (poorer)

Million Baht Fund formal 39.0 10.8 48.2

BAAC formal 36.1 50.3 30.9

Village Coop informal 2.7 1.1 2.6

Friends and Neighbors informal 18.3 29.2 15.7

Village Moneylenders informal 4.0 8.4 2.6

Central Region (richer)

Million Baht Fund formal 17.5 4.5 24.4

BAAC formal 49.9 53.2 46.8

Village Coop informal 11.2 17.5 8.6

Friends and Neighbors informal 20.0 22.4 19.1

Village Moneylenders informal 1.5 2.4 1.1

Notes: Across the years and regions, for savings, there were 60.5, 39.8, and 8.7 million Baht

of deposits made at commercial banks, the BAAC/GSB, and village coops, respectively.

Surveyed households lent out 46.2 million Baht of loans. Across the years and regions, for

borrowing, there were 95.1, 146.0, and 25.9 million Baht of loans borrowed from MBF, the

BAAC, and village coops, respectively. Surveyed households borrowed 64.3 million Baht of

loans from friends and neighbors and 7.1 million Baht of loans from money-lenders. While

these statistics can be skewed by outliers, especially when studied annually, they provide a

rough picture of the relative aggregate significance of the key channels for borrowing and

saving along intensive margins. In Table B.1, I aggregate the total volume of loans (in Baht)

from the five key types of lenders shown in the table. The shares are computed by dividing

each lender’s volume of loans by the total across lenders. The overall column shows shares

for all years aggregated together. The columns for the year groups show proportions based

on total lending within each period. Table B.1 shows a rise in the proportion of loans from

MBF over time and reductions in aggregate loan volume shares from informal lenders.
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B.3 Data: Borrowing and Savings Amounts

Fig. B.2. Distribution of borrowing and savings Amount
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Fig. B.3. Distribution of Borrowing Amount by Lenders
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Notes: Amount of borrowing and savings represents annualized sums for each lending and

saving categories for each household. (The Million Baht Fund had a limited number of

transactions close to the end of 2001.) See Section 3.2.2 for detail.
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B.4 Data: Reported Fees and Transport Costs for Formal Borrowing

Fig. B.4. Fees and Transport Cost for BAAC and Million Baht Fund
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Notes: The Million Baht Fund is administered by village committees, and hence require fewer fees and

transport costs to access. Formal borrowing fees and transport costs decrease significantly after 2001 as

Million Baht Fund became the leading provider of formal loans. See Section 3.2.3 for detail.

Table B.2. Fees and Transport Cost for Each Loan by Lender Types (Baht)

Relatives Neighbor Moneylender

mean(sd) mean(sd) mean(sd)

Fees and Transport Cost 25.8 (133.6) 4.0 (41.9) 22.1 (38.3)

Commercial-Bank BAAC Million Baht Fund

Fees and Transport Cost 379.7 (737.6) 51.6 (92.1) 11.3 (16.6)

Notes: Commercial bank loans are rare, likely due to the high fixed costs associated with getting them.

Fees and Transport costs are only a proportion of the total pecuniary fixed costs associated with borrowing.

There are also possibly non-pecuniary costs of borrowing. See Section 3.2.3 for detail.
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B.5 Data: Repayment Rate Based on Payment History

Table B.3. Repayment of Loans

Fully Repaid Not Fully Paid

Formal Loans

Percentage of Loans 97.01 2.99

Informal Loans

Percentage of Loans 95.16 4.84

Notes: Every month, new loans that households take out are recorded and the month in which repayment

should be completed is also recorded. Then every month, repayment of each loan is tracked until full

repayment is made. Table B.3 shows that most households repay their loans and that the repayment

difference between formal and informal loans is small. Given these data, this paper does not model default.

See Section 3.2.4 for detail.

Table B.4. Repayment Percentage for Loans That Are Not Fully Paid

By Month 24 By Month 36 By Month 48

Formal Loans

Percentage of Principal Repaid 30.3 36.7 39.1

Informal Loans

Percentage of Principal Repaid 32.4 39.9 44.0

Notes: For the 2.99 percent of formal loans that are not fully repaid, and 4.84 percent of informal loans

that are not fully repaid, Table B.4 shows that a significant proportion of the principal on these loans is

repaid within two years of the start of the loans. Given this information and data, as shown in Table B.3,

the repayment gap between formal and informal loans is very small; hence, this paper does not model

default. See Section 3.2.4 for detail.
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C Solution and Estimation Algorithm (Online Appendix)

The model is computationally intensive to estimate. Building on standard solution and estimation

concepts, I develop a global optimization routine that minimizes the use of loops and iteration

by parallel computing. The routine solves and estimates the heterogeneous agent equilibrium

model with discrete and constrained continuous choices.C.1 The resulting algorithm is resource

intensive concurrently but saves time if concurrency is possible. The algorithm is also designed

to accurately capture the impacts of differences in fixed costs, interest rates and collateral

constraints on the choice sets, the average costs (returns) of loans (savings), and the conditional

asset distributions facing households across the credit market options.

Typically, university computing clusters have a maximum set of computing resources that are

shared, which limits resources that are available to individual researchers. Cloud computing

services such as Amazon Web Services (AWS) offers from the econometrician’s perspective

potentially unlimited concurrent resources. On AWS’s managed containerized services, the cost

of running 1 CPU for 10000 minutes is identical to running 10000 CPUs for 1 minute. The idea

here is to take advantage of scalable on-demand concurrent computing resources by modifying

some standard solution and estimation steps. If the estimation task can be parallelized explicitly

or implicitly, then the researcher has more control over how much time estimation should take,

given their budget.

In terms of solution algorithms, I reduce the iterative steps required for joint continuous and

discrete optimization through a "zooming-in" algorithm (Section 40), I adopt a non-simulation

based procedure for deriving steady state asset distributions (Section C.1.3), and I solve for

equilibrium interest rates using a multi-section algorithm (Section C.1.5).C.2

For estimation, I add additional initialization steps to standard estimation routines. These

initial steps help me find initialization parameters that are potentially closer to the minimizers of

the estimation objective function. I do this by simulating the model at a large set of parameter

values given data, and then conducting an initial round of multi-start estimation using a set of

C.1 There has been significant progress made in using endogenous grid methods to solve and estimate models
with discrete and continuous choices (Fella 2014; Iskhakov et al. 2017). Some of the steps described here can
potentially be combined with endogenous grid or other methods when the model structure allows.

C.2 Implementation examples for using aspects of the solution algorithms can be found at theMEconTools repository.
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polynomials that approximate components of the estimation objective functions. I describe the

estimation algorithm in Section C.2.1 and its implementation on AWS in Sections C.2.2, C.2.2,

C.2.3, and C.2.4.C.3

C.1 Solution Algorithm

C.1.1 Iterative Optimization on Asset Share Grids

Fig. C.1. Borrowing Choice Set

c(t) > 0 bound

c(t+1) > 0 bound 

determined by  

Maximum K' and B' of Choice Set

low r, high 

high r, high 

low r, low 

*K' constraint

low r, high 

high r, high 

low r, low 

K' Choice

borrowing (principle + interest), B' < 0 

wealth - 

if y_min = 0

higher K'

more borrowing

Notes: The figure shows the effects of wealth, fixed costs, collateral constraints, and interest rates on
the borrowing and risky investment choice set. Within a borrowing discrete choice j, households face
a three dimensional choice set over c, risky investments k′, and borrowing b′. Given that households
cannot have negative consumption today or tomorrow, the domain of the choice set is an individual and
choice j specific triangular pyramid. The figure here plots the base of the pyramid where the x-axis is the
borrowing choice b′ and the y-axis is the risky investment choice k′. The implicit but not shown z-axis is
consumption c, which is chosen to clear budgets. The percentage asset solution algorithm used in this
paper relies on taking advantage of the geometry of this figure.

Triangular Asset Choice Sets Interest rates, fixed costs and collateral constraints differences

across credit market options determine the choice set for risky investment and the cost of financing

C.3 Examples for how to use AWS web services can be found at the Py4Econ repository.
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risky investment. Using b̂′ to denote principal borrowed for here, the average cost of borrowing,
b̂′ rj+ψj

b̂′
, is increasing in ψj and decreasing in b̂′ . With minimum output equal to zero, the natural

borrowing constraint restricts interest and principal due next period to be less than the depreciated

risky investment. This means a portion of risky investment must be financed by existing wealth.

The marginal effect of additional wealth on the maximum risky investment level is constant and

equal to 1 + 1−δ
rj+δ . This ratio is the borrowing multiplier. Lower rj expands the choice set by

increasing the multiplier. Lower ψj also expands the choice set by increasing usable wealth. The

collateral constraint restricts the choice set if it is tighter than the natural borrowing constraint.

Graphically, interest rates, fixed costs, and collateral constraints shift vertices of an obtuse triangle

that represents the choice set, as shown in Figure C.1. Formal and informal borrowing choices

form separate obtuse triangle choice sets. Given combinations of wealth, informal interest rates,

and informal borrowing fixed costs, borrowing choices are constrained as shown by Figure C.1.C.4

For savings, the average return to savings is decreasing in ψj and increasing in the amount

saved. An increase in ψj reduces one to one the maximum risky investment, and increases in the

savings interest rate reduce next period’s wealth and subsequent risky investment choice sets.

Bounds on Continuous Choices Following previous notations, I rewrite the continuous choice

problem over safe asset b
′ and risky asset k

′ for each household i as:

max

j ∈ {1, ..., 7}

 max

b
′ ∈
(

b
′min
ij , bloan-smallest

j

]
 max

k
′ ∈
(

k
′min
ij(b′)

, k
′max
ij(b′)

) Uj

(
A,W , φj; b

′
, k
′
)



(C.1)

C.4 If exogenous quantity constraints are imposed as well, graphically, they would be vertical lines cutting potentially
through the obtuse triangles shown in Figure C.1.
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where, given the b
′ choice, the minimum and maximum for the k

′ choice are:

k
′max
ij(b′)

=
(
Wi − ψj

)
− b

′

1 + rj
(C.2)

k
′min
ij(b′)

=


max

{
− ymin

(1− δ) · rj
− b

′

1− δ
, 0

}
if j is borrow

0 if j is save

(C.3)

To maintain positive consumption in the current period, k
′ must be less than k

′max
ij(b′)

, and to

maintain positive consumption in all states in the next period, k
′ must be greater than k

′min
ij(b′)

. For

borrowing, geometrically, plotting k
′ along the y-axis, and b

′ along the x-axis, Equation (C.2)

and Equation (C.3) represent two intersecting lines where the intersection point is in the region

of positive k
′ and negative b

′ as shown in Figure C.1. Individual i can only borrow less than the

b
′ value at the intersecting point, which is:

b
′min
ij =−

(
Wi − ψj +

ymin

(1− δ) · rj

)
·
(
1 + rj

)
· (1− δ)

δ + rj
. (C.4)

Household i’s k
′ choicemust be less than the k

′ value associated with b
′min
ij at the intersecting point.

Discretization using Asset Share Indexes The geometry of the problem allows me to solve

for the minimum and maximum asset choices as shown above. I now transform the problem in

Equation (C.1), which is continuous, to the percentage-grid asset choice problem in Equation

(C.5), which has identical scales for all households. This homogenization of the choice grid

allows for efficient vectorization.C.5

To approximate the exact optimal choice, I solve the discretized percentage asset choice

problem (ι) times. This is a type of iterative grid search method, which has long been used in

the literature, starting perhaps with Imrohoroğlu, Imrohoroglu, and Joines (1993). After each

iteration, an index operation is used to find the closest set of surrounding share indexes in each

direction from the current optimal index. I solve this model here with Nk = 50, Nb = 50 and

C.5 Utility maximization requires two matrix operations only, and utility evaluation and maximization can fully
take advantage of single instruction parallelization without additional code.
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(ι) = 3. Specifically, using (ι) as a superscript to indicate the current index search iteration, the

iterative percentage maximization problem can be written as:

(n∗(ι)k , n∗(ι)b ) = arg max

n(ι)
k ∈ 0, ..., Nk

n(ι)
b ∈ 0, ..., Nb

U (ι)
j

(
A,W , φj; b

′

ij(n(ι)
b )

, k
′

ij(n(ι)
b )(n(ι)

k )

)
(C.5)

Choices n(ι)
b , n(ι)

k are indexes for sequences
{

b
′

ij(n(ι)
b )

}Nb

nb=0
and

{
k
′

ij(n(ι)
b )(n(ι)

k )

}Nk

nk=0
, where

b
′

ij(n(ι)
b )

= b
′max,(ι)
ij · nb

Nb
+ b

′min,(ι)
ij ·

(
1− nb

Nb

)
and k

′

ij(n(ι)
b )(n(ι)

k )
= k

′max,(ι)

ij(n(ι)
b )
· nk

Nk
+ k

′min,(ι)

ij(n(ι)
b )
·(

1− nk
Nk

)
.

By the (ι) = I− 1 iteration, the difference between the optimal choice b
′∗
ij and the approximate

choice b
′

ijn∗(ι=I−1)
b

is less than a fraction determined by Nb and (ι):C.6C.7

|b′∗ij − b
′

ijn∗(ι=I−1)
b

| ≤
(

b
′max
ij − b

′min
ij

)
· 2

N I−1
b

(C.7)

If bmaxgap = maxi,j|b
′max
ij − b

′min
ij | among all i in the state space solution grid and all j ∈ J, then

with Nb = 50 and (ι) = 3: |b′∗ij − b
′

ijn∗(ι=3)
b

| ≤ bmaxgap
62500 , ∀i and ∀j.

C.6 Equation (C.7) applies to constrained maximization problems that are possibly non-differentiable but concave.
With sufficient grid points in each iteration, the method should also generally find optimal choices for non-
concave problems. If the non-concaveness is due to fixed costs or other clearly defined parameters—as is the
case for this model (Equation (C.1))—the problem could be restated as multiple concave continuous-choice
problems nested within discrete-choice problems.

C.7 Assuming that Nk = Nb, the maximum bounds of b
′ for the (ι) = Ith iteration are:

b
′max,(ι=Ith)
ij =

b
′max
ij − b

′min
ij

N I−1
b

·min

{
I−1

∑
s=1

Ns−1
b · n∗(ι=(I−s)th)

b + 1, N I−1
b

}
+ b

′min
ij

b
′min,(ι=Ith)
ij =

b
′max
ij − b

′min
ij

N I−1
b

·max

{
I−1

∑
s=1

Ns−1
b · n∗(ι=(I−s)th)

b − 1, 0

}
+ b

′min
ij

(C.6)

55



C.1.2 Value Function Iteration and Expectation

To solve the dynamic stochastic programming problem, within a value function iteration step and

after optimization, I integrate over the value of the continuation value function in Equation (4):

Eε,Φ (v (A, k, b, ε, Φ)) =
∫ ∫

max
j∈J

vj
(
A, k, b, ε, φj

)
dF (Φ)dF (ε) ,

where
{

φj
}

j∈{1,...7} are assumed i.i.d and extreme-value Type I distributed. Hence:

υ (A, k, b, ε) =
∫

max
j∈J

vj
(
A, k, b, ε, φj

)
dF (Φ) = log

(
∑
j∈J

exp
(
v̂j (A, k, b, ε) /σφ

))
.

(C.8)

Using the optimization routine described earlier, I solve υ (A, k, b, ε) at all combinations of a

grid of k, a grid of b, and three ε grid points ε ∈ {ε− 3σε, 0, ε + 3σε}. I obtain an A specific

interpolant Eυ̃A (W (A, k, b, ε) , k) based on multi-linear spline. Using Eυ̃A in combination

with D ε draws for each (b, k),C.8 I approximate this expectation:

Eευ (A, k, b, ε) ≈ 1
D ∑

d
Eυ̃A ({b + (1− δ) k + exp (εD +A) · kα} , k)

Interpolants, 1st: Eυ̃A (W (A, k, b, ε) , k) 2nd: E≈υA (b, k)

With these simulated averages, I estimate a second A specific interpolant E≈υA (b, k) based on

multi-linear spline. This second interpolant captures the differential marginal effects on expected

future utility from investments in safe and risky assets. I substitute the E≈υA for the integral over

expected value function in Equation (4). Value function iteration continues until convergence.

The method here is similar in structure to the value function approximation method in Imai and

Keane (2004).C.9

It should be noted that themultinomial logit assumption for credit category shocks significantly

reduces the integration burdens here. As an alternative, multinomial normal errors would

accommodate correlations among discrete category shocks with a seven by seven variance-

C.8 To avoid extrapolation, I restrict the ε draws to be within the ε points where I solved υ.
C.9 Imai and Keane (2004) present a model with both continuous state space and continuous choice space. In that

model, individuals make human capital and financial asset choices.
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covariance matrix for the seven credit alternatives. Estimating the covariance matrix would

substantially add to estimation costs. In the context of this paper, the gains of allowing for

multinomial normal errors might be limited. First, the dominant drivers for credit market

participation are asset positions and productivity types, which are captured by the modeled

component of the choice-specific value functions. Second, credit categories share the same

productivity shocks, which means that overall uncertainty is not uncorrelated across credit

category alternatives.

An additional issue to note is that due to the multinomial shocks, CEV changes can not

be computed analytically following standard procedures under CRRA preference assumptions

(Conesa and Krueger 1999). For the welfare analysis, holding policy functions constant, I

recompute value functions for each element of a dense grid of consumption percentage changes.

The resulting array of values for each state-space element is compared against value function

outputs under policy shifts to find the percentage consumption changes that minimize the

differences.

C.1.3 Steady State Distribution Conditional on Type

ConditionalW ′ distribution The stationary asset distribution is determined by the conditional

transition f
(
W ′ | W

)
, which equals to:

f
(
W ′ | W

)
=
∫
A

∑
j

Pj (A,W) f
(
W ′ | A,W , j

)
f (A)dA . (C.9)

Given the structure of the problem, f
(
W ′ | A,W , j

)
is:

f
(
W ′ | A,W , j

)
=


0 ifW ′ ≤ W ′min (A,W , j)

fε

(
ε∗
(
W ′
))

otherwise
, (C.10)
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where:

W ′min (A,W , j) = k
′
j (A,W) (1− δ) + b

′
j (A,W) + ymin

ε∗
(
W ′
)
= log

(
W ′ −W ′min (A,W , j)
exp(A) · k′j (A,W)α

) (C.11)

Hence, the conditional probability thatW ′ falls between
[
W ′

x,W ′
y

]
is:

P
(
W ′

y −W
′
x | A,W , j

)
=


0 ifW ′

x ≤ W
′min (A,W , j)

Fε

(
ε∗
(
W ′

y

))
− Fε

(
ε∗
(
W ′

x

))
otherwise

(C.12)

The method described here follows the spirit of the inverse decision rule method (Ríos-Rull 1997).

Discretizing Conditional W ′ distribution I discretize W along a grid with NW grid

points. The mid-points sequence with NW − 1 elements is {WnW}
NW−1
nW=1 where WnW =(

Wmax−Wmin

NW

)
· (nW + 0.5) +Wmin. The corresponding end-points sequence is

{
W ′

n̂W

}NW

n̂W=1

whereW ′
n̂W

=
(
Wmax−Wmin

NW

)
· (n̂W ) +Wmin. Given these, I define:

P
(
W ′

nW | A,WnW , j
)

:= P
(
W ′

(n̂W+1) −W
′
n̂W
| A,WnW , j

)
, (C.13)

where the right-hand side is evaluated using Equation (C.12). The discretized conditional cash-

on-hand distribution for a particular productivity type Aq is:

P
(
W ′

nW | Aq,WnW

)
= ∑

j
Pj
(
Aq,WnW

)
P
(
W ′

nW | Aq,WnW , j
)

. (C.14)

Given the policy functions derived in Sections 40 and C.1.2, computing this conditional

probability for all current- and next-period grid points involves simply finding the cumulative

normal probabilities over a matrix of quantile points. The procedure is vectorizable and almost

instantaneous. When there are multiple persistent shocks, the potential dimensionality of this

discretized full-states transition matrix increases exponentially. However, the computational size
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increases only linearly with the usage of sparse matrices. C.10

DiscretizedmarginalW ′ distribution I now solve forP
(
WnW | Aq

)
usingP

(
W ′

nW | Aq,WnW

)
following standard first order Markov transition procedure. At this stage, either an eigenvector or

projection approach could be taken. The projection approach is more stable generally, but some

languages’ eigenvector algorithm is more efficient for large sparse full-states transition matrices.

For projection, suppose b is a 1× (NW − 1) vector, which is all zero except for the final ele-

ment which equals 1, Q is the (NW − 1)× (NW − 1) Markov transition matrix where each

row corresponds to a differentWnW and each cell corresponds to P
(
W ′

nW | Aq,WnW

)
minus

corresponding values in an identity matrix. Given these, I compute P = (b ·Qᵀ) · (Q ·Qᵀ)
−1,

where each nW element of matrix P is equal to the marginal distribution forWnW conditional

on Aq, PnW = P
(
WnW | Aq

)
. As the number of discrete points increases, the discretized

marginal distribution approaches the continuous marginal distribution.

C.1.4 Integration over Productivity Types

Integration over types and solving for equilibrium interest rate both involve solving the model

at different parameters. This is in contrast to the solution procedures described in Sections 40,

C.1.2, and C.1.3, where computations share common instructions and benefit from vectorization-

based parallelization. Here, I solve the model at different productivity types and interest rates in

separate concurrent processes.

I assume that the productivity type is normal, and lognormal with respect to output. I

solve the model concurrently along a sequence of productivity types
{
Aq
}Q

q=1 where Aq =

zq · σA ·
√

2 + µA.
{

zq
}Q

q=1 are Hermite Quadrature points, with associated weights sequence{
ωq
}Q

q=1. Following the previous section’s notations, the unconditional distribution ofW is

approximated by:

∫ y=W(n̂W+k)

x=W ′n̂W
f (W)dW ≈

(n̂W+k−1)

∑
nW=n̂W

Q

∑
q=1

1√
π
·ωq · P

(
WnW | Aq

)
(C.15)

C.10 For examples with multiple persistent shocks, see Dynamic Asset Code Repository.
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C.1.5 Equilibrium Interest Rates

Multi-section algorithm To solve for the equilibrium interest rate, I solve the model in (τ)

iterations and during each iteration concurrently at G different interest rate points. If G = 1,

this is equivalent to bisection. In each iteration, I find:C.11

rI
m(τ)∗ = arg max

rI∈
{

rI
m(τ)

}M(τ)

m(τ)=1

{
Ê
(

b
′ I ; rI

)
| Ê
(

b
′ I ; rI

)
< 0

}
,

(C.16)

where the net difference in borrowing savings is:

ÊAq

(
b
′ I ; rI

m(τ)

)
=∑

nW
P
(
WnW | Aq; rI

m(τ)

)
·
(

∑
j

Pj

(
Aq,WnW ; rI

m(τ)

)
· b′Ij

(
Aq,WnW ; rI

m(τ)

))

Ê
(

b
′ I ; rI

m(τ)

)
=

Q

∑
q=1

(
1√
π
·ωq

)
· ÊAq

(
b
′ I ; rI

m(τ)

)
(C.17)

and where the discrete constrained choice set for each (τ) evolves following:

{
rI

m(τ+1)

}M(τ+1)=M(τ)+G

m(τ+1)=1
=
{

rI
m(τ)

}M(τ)

m(τ)=1
∪

rg |
rI

m(τ)∗+1
− rI

m(τ)∗

G + 1
· g + rI

m(τ)∗

, g ∈N, 1 ≤ g ≤ G

 .

(C.18)

If the equilibrium rate is between 1.00 and 1.30, setting G = 8, after (τ = 3) iterations,

I arrive at an approximated equilibrium interest rate within 0.053 percentage points of the

equilibrium interest rate: r̂I,equi = rI
m(τ+3),G=8

∈
[
rI,equi − 0.00053, rI,equi + 0.00053

]
.

At some values of the fixed costs parameters, given grids on productivity and assets, in the

absence of the credit category shocks, there might be no households that are willing to save

or borrow within the bounds on interest rates. The credit category shocks help to improve

the numerical stability of equilibrium solution and estimation by assuring non-zero aggregate

C.11 The initial minimum and maximum interest rates should be picked to generate more borrowing than savings
and more savings than borrowing, respectively. Given that, Equation (C.16) looks for the smallest borrowing
and savings gap among rates that generate more borrowing than savings.
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Table C.1: Concurrency and iteration: solving equilibrium, if rI,equi ∈ [1.0, 1.3]

G = 1
1 model evaluation

per iteration
(bisection)

G = 4
4 concurrent

model evaluations
per iteration

G = 8
8 concurrent

model evaluations
per iteration

Iterations

Number of
Model
Evalua-
tions

Accuracy
(rI

percentage
points)

Number of
Model
Evalua-
tions

Accuracy
(rI

percentage
points)

Number of
Model
Evalua-
tions

Accuracy
(rI

percentage
points)

(τ = 1st) 3 15 4 10 8 4.3
(τ = 2nd) 4 7.5 8 2 16 0.48
(τ = 3rd) 5 3.75 12 0.3 24 0.053
(τ = 6th) 8 0.47 24 0.00003 48 0.0000007

borrowing and savings levels as the estimator explores possibly high fixed costs.

Overall, solving the model involves Monte-Carlo integration for expected value func-

tion, weighting the probabilities of each credit participation category j, the analytical in-

tegration of P
(
W ′

y −W
′
x | A,W , j

)
, Riemann-sum mid-point integration to approximate∫ y=W(n̂W+k)

x=W ′n̂W
f
(
W|Aq

)
dW , and the Hermite Quadrature integration here.

Tradeoffs between G and (τ) Table C.1 explains the trade-off between G and (τ). If

concurrent model evaluation is not possible due to computing limitations, bisection is the most

efficient as shown in Table C.1 in terms of the number of model evaluationsC.12 required to reach

a fixed level of accuracy. Bisection achieves higher precision with 9 model evaluations than

G = 4 (4 concurrent model evaluations) achieves with 12 model evaluations. When computing

resources are available, as shown in Table C.1, to achieve about 0.5 percentage point equilibrium

interest rate accuracy, G = 8 requires only 2 iterations, using one-third of the time as bi-section.

C.12Model evaluation refers to the number of times the model has to be solved for up to and including integrating
over productivity types.

61



C.2 Estimation Algorithm

C.2.1 Algorithm

I describe in this section the four steps of the more parallel estimation algorithm summarized in

Section 4.3. First, I draw N sets of parameters:

{Θn}Nn=1 =
{{

θnq
}Q

q=1

}N
n=1

Draws are made uniformly within upper and lower bounds for each parameter, θnq ∈
[
θmin

q , θmax
q

]
.

For each draw, I evaluate the model atM relevant components of the estimation objective

function.C.13 This creates a N×M matrix O, where each element Om
n

({
θnq
}Q

q=1 | Xm

)
is

determined by the mth component of the estimation objective function, the nth set of randomly

drawn parameters, and m specific data matrix Xm.

Second, I approximate the estimation objective function using polynomials.C.14 For each set

of Q parameters from the N draws, I create a Dth order full polynomial with P polynomial

terms.C.15 This creates aN×P matrix of polynomials. I regress each m column of matrixO on

the polynomial matrix. R denotes theM×P coefficient matrix. For D = 3, for each m,Rm,0
0

is the intercept,Rm,1 is the coefficients vector for the linear terms,Rm,2 is the coefficients vector

C.13 These could be different moments for moment estimation, or they could be different individual components of
the likelihood function. For my estimation here,M equals the number of households in each region plus the
gaps between observed and model generated period specific equilibrium informal interest rates. This means
that there is a separate polynomial approximation for each household’s contribution to the overall likelihood.

C.14 Solving the dynamic programming problem often involves interpolation, sometimes using polynomials (Keane
and Wolpin 1994). In my solution algorithm, I used multi-linear spline rather than polynomials to preserve the
relative expected returns of the safe and risky assets in Section C.1.2. The idea here is to use polynomials to
approximate potentially not only the value function but also components of the estimation objective function.

C.15Given Q = 15 and D = 3, then P = 816. Full third order polynomial means all polynomial combinations
with degree less than or equal to 3. The number of polynomial terms equal to:

P = (0)︸︷︷︸
0th Deg.
i.e.: 1

+ (Q)︸︷︷︸
1st Deg.
i.e.: x, y

+

(
Q+

(
Q
2

))
︸ ︷︷ ︸

2nd Degree
i.e.: x2, x·y, y2

+

(
Q+Q · (Q− 1) +

(
Q
3

))
︸ ︷︷ ︸

3rd Degree
i.e.: x3, x2·y, ... x·y2, y3

(C.19)

Standard machine learning packages have routines that generate full polynomials, I use the PolynomialFeatures
module from scikits.learn.
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for the quadratic terms, andRm,3 is the coefficients vector for the cubic terms. Specifically:

Om
n

({
θnq
}Q

q=1 | Xm

)
=Rm,0

0 +
Q
∑

q1=1

(
Rm,1

q1
θnq1

)
+
Q
∑

q1=1

(
q26q1

∑
q2=1

(
Rm,2

q1q2
θnq1θnq2

))

+
Q
∑

q1=1

(
q26q1

∑
q2=1

(
q36q2

∑
q3=1

(
Rm,3

q1q2q3
· θnq1θnq2θnq3

)))

+ em
n

(C.20)

AfterM regressions, I obtain aM×P matrix of regression coefficients:

R̂(
{

θnq
}Q

q=1 ,X ) =


R̂1,0 R̂1,1

1 . . . R̂1,1
Q R̂1,2

1,1 . . . R̂1,2
Q,Q R̂1,3

1,1,1 . . . R̂1,3
Q,Q,Q

... ... ... ... ... ... ... ... ... ...

R̂M,0 R̂M,1
1 . . . R̂M,1

Q R̂M,2
1,1 . . . R̂M,2

Q,Q R̂M,3
1,1,1 . . . R̂M,3

Q,Q,Q


(C.21)

Third, I estimate the model now by evaluating the objective function using the polynomial

approximation matrix R̂:

min
Θ

initialize at: Θn

Ô
({
Ôm

({
θq
}Q

q=1 , R̂m (Xm)
)}M

m=1

)
(C.22)

I estimate this approximated objective function at theN sets of parameter draws. The parameter

space should have the same bounds as before to avoid extrapolation. Evaluating Ô is fast, and

derivative-based numerical algorithms can efficiently and stably obtain local minima given

polynomials. Initializing estimation at each Θn draws, I obtain a vector of parameters, {Θ∗n}
N
n=1,

which locally minimize Ô given different starting points.

Fourth, I estimate the model with the non-polynomial approximated objective functions using

results from earlier steps as starting points. Specifically:

min
Θ

initialize at: Θinit

O
({
Om

({
θq
}Q

q=1 | Xm

)}M
m=1

)

where: Θinit = arg min
{Θ∗n}

N
n=1

{
Ô (Θ∗1) , ..., Ô (Θ∗N )

} (C.23)
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The first three steps provide Equation (C.23) with starting values that are potentially close to

the global minimizers. For this step, one could implement standard routines and use parallel

resources for multi-start. One could also use parallel iterative optimizing algorithms (Guvenen

2011). If Equation (C.20) has very high explanatory power, then Θinit would be close to global

minimizers, and convergence should be fast. If Equation (C.20) has low explanatory power,

the first three steps of this algorithm might not improve convergence speed for the fourth step.

When that is the case, it indicates potentially that convergence to a global minimum using any

estimation routine could be difficult, and the econometrician might need to adjust the estimation

objective function or transform the estimation parameter domain.

The first three steps described above are parallelizable. To implement, the model would be

solved concurrently across N parameter draws. In the first step, the time it takes to solve the

model N times is the same as solving the model once. The second step involvesM linear

projections. The third step is also fully parallelizable, and each task has a minimal computational

footprint. The fourth step is computationally intensive, but with the first three steps providing

the final step with potentially good initial guesses, the number of computationally-intensive full

estimation tasks is potentially dramatically lowered.

C.2.2 Container Orchestration

Container orchestration allows for large-scale multi-start simulation or estimation. The idea is

to first "containerize" the model codes and dependencies, then specify the CPU and memory

requirements of the container and run separate processes across containers. Before proceeding

to the polynomial approximation step, all containerized tasks need to be completed. Under

managed container services, depending on the CPU-to-memory ratio as well as the price and

availability of EC2 units, AWS determines which sets of machines to concurrently start to

complete the containerized tasks.

C.2.3 AWS Cluster and Containers

I create computing clusters with themaximumCPU count set at 2560. For each container, memory

requirement is set at the maximum level required for solving the model. Computing resources can
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be used more efficiently when the model solution code has consistent and flat memory usages. I

set the CPU requirement for each containerized task at 8, and the memory requirement at 45 GB.

An EC2 instance with 64 CPUs and 360 GB of memory can run eight containers concurrently.

C.2.4 Costs

AWS launches a combination of these types of instances during my estimation runs: m4.16xlarge

instances (each with 64 virtual CPUs and 256 GB of memory), m5.24xlarge instances (each

with 96 virtual CPUs and 384 GB of memory), and r4.16xlarge instances (each with 64 virtual

CPUs and 488 GB of memory). Using Spot pricings, these three main instance types in fall of

2018 generally cost $1 per dollar (in the fall of 2018).

On average, the model algorithm, described previously, takes 2 minutes and 30 seconds to

complete using 8 CPUs. For estimation, given each set of parameters, I need to run the model

four times for the two periods and two regions. This means that given each set of parameters,

finding the overall estimation objective takes 10 minutes for each container.

For the initial step of the estimation process described in Section C.2.1, the estimation

objective is solved at 12800 random initial points (6400 for each region). Given this, the first

three steps of the estimation algorithm take about 3 hours with total cluster maximum CPU count

set at 2560, and costs between $100 to $150. Holding the model fixed, if the econometrician

decides to change which components to include in the estimation objective or how they are

weighted, this first costly step does not need to be repeated.
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