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Abstract

This dissertation explores research questions in international trade economics, with chapters

on landlocked trade and deep-water ports trade, and in energy economics, with a chapter

on residential energy usage.

The first chapter looks into the effect of being landlocked on international trade flows in

the manufacturing sector. The study overcomes the empirical challenge of using a country-

specific variable ‘landlocked’, within a structural gravity framework in the presence of

importer and exporter fixed effects. Results show that the impact of being landlocked

for manufactured goods trade is highly negative and statistically significant. Such effect

is higher for low-income landlocked countries as compared to high-income landlocked

countries. The impact of being landlocked on manufactured goods trade declined in 2005

as compared to 1980. A series of robustness checks further confirm the estimates.

The second chapter looks into the effects of having deeper ports, which are capable

of hosting larger ships, on international trade in the manufacturing, agricultural, mining

and services sectors, using a structural gravity model. Results show that countries with at

least one port capable of hosting a Panamax ship (i.e., port depth of at least 41 feet) trade

tremendously more (e.g., 163.0 to 174.8 percent more manufactured goods) than countries

without such ports. Ten additional feet of port depth is estimated to increase a country’s

international trade in manufactured goods by 8.2 to 12.7 percent, in mining goods by 29.5 to

33.9 percent, and in agricultural goods by 31.9 to 34.1 percent. Port depth does not appear

to be a strong determinant of trade in services, especially considering its effect on individual

service industries. For trade in commodities, having more ports at deeper cutoff depths is
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shown to be an additional trade facilitator and most of the trade elasticities become even

larger when landlocked countries are excluded from our sample.

The third chapter, in energy economics, explores residential energy usage using a

Conditional Demand Analysis model using data from the 2019 Residential Energy Use

Survey. The study estimates the impact of solar photovoltaics (PV) and weather on

the end use electricity consumption by residential households in Hawai‘i. Hawai‘i has a

high penetration of distributed PV systems and this chapter delves into how electricity

consumption in various households differs with and without photovoltaic systems. Results

show that households with PV have more electric appliances and higher gross electricity

usage than those without PV. Electricity usage by households with PV is more sensitive to

weather than the usage by households without PV.
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Chapter 1

Estimating the Landlocked Penalty for

International Trade

Abstract

This chapter studies the effect of being landlocked on international trade flows in the

manufacturing sector. The study overcomes the empirical challenge of using a country-

specific variable ‘landlocked’, within a structural gravity framework in the presence of

importer and exporter fixed effects. Results show that the impact of being landlocked

for manufactured goods trade is highly negative and statistically significant. Such effect

is higher for low-income landlocked countries as compared to high-income landlocked

countries. The impact of being landlocked on manufactured goods trade declined in 2005

as compared to 1980. A series of robustness checks further confirm the estimates.
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1.1 Introduction

Are landlocked countries at a disadvantage in international trade as compared to coastal

countries? What is the economic impact of being landlocked in today’s globalized economy?

Studies like Faye et al. (2004) and Marteau et al. (2007) delve into the concerns of the

landlocked countries facing disadvantages in international trade. Previous research has

estimated a penalty of 50-60 percent lower trade for landlocked countries but these studies

failed to employ a structural gravity approach in making these estimates.1 Yotov (2012) and

Borchert and Yotov (2017) have shown the advantages of a structural gravity approach in

solving the distance puzzle in trade. Therefore, there is room for timely empirical research

using recent models in international trade to better answer these questions.

The global economy and international trade are highly dependent on maritime transport.

As per the Review of Maritime Transport 2018,2 around 80 per cent of global trade by

volume and over 70 per cent of global trade by value are carried by sea and are handled by

ports worldwide. As landlocked countries are surrounded by land, with no direct access to

the sea, the United Nations Convention on the Law of the Sea gives landlocked countries

a right of access to and from the sea without taxation of traffic through transit states.3

According to UNCTAD, there are 44 landlocked countries in the world among which 32

are Landlocked Developing Countries(LLDCs). Geographical conditions aside, landlocked

countries are highly affected by the situation of the neighboring countries through which

they trade. Also, there are added transaction costs of customs and handling, offloading

and onloading costs and storage costs as compared to the coastal countries. Data from the

World Bank suggests that landlocked countries’ trade share of GDP is lower than that of

non-landlocked countries. The average trade share of GDP for the years and landlocked

countries in this study is 66.7 percent while for non-landlocked countries, the share is 75

1Examples of such studies include Radelet and Sachs (1998), Limao and Venables (2001).
2The Review of Maritime Transport is published by the United Nations Conference on Trade and

Development (UNCTAD).
3The United Nations Convention on the Law of the Sea lays down comprehensive rules governing all uses

of the oceans and their resources.
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percent. While there is a difference in the average trade share of GDP between the two

groups of countries, the gap has been declining since 1990 as seen in Figure 1.1.

Following recent literature, the structural gravity model has been used in different

studies to estimate the effects of various determinants of bilateral trade flows. Heid

et al. (2021) identify the impact of unilateral and non-discriminatory trade policies on

bilateral trade flows within the structural gravity model. Beverelli et al. (2018) extend

the identification strategy of Heid et al. (2021) and estimate the impact of country-specific

national institutions on international trade. All of these studies use intranational trade flows

in addition to the international trade flows in the gravity models. Piermartini and Yotov

(2016) recommend the inclusion of intranational trade flows as a major recommendation to

overcome challenges with gravity estimations.

Pham and Sim (2020) calculate the cost of landlockedness faced by the Landlocked

Developing Countries (LLDCs), expressed in terms of the damage to their development.

Using panel data on 31 LLDCs between 2001 and 2012, they find that the GDP per capita

of an LLDC could increase by as much as 50% if it were not landlocked. Raballand (2003)

examines the impact of landlockedness in trade using a gravity model with a sample of

46 countries over a 5 -year period. The author concludes that being landlocked reduces

trade by more than 80%. Moore (2018) quantifies the landlocked penalty on trade using a

structural gravity model following the methods suggested in Head et al. (2013). The study

uses GLS estimation and finds that landlocked countries on average export over 40% less

than coastal countries, all else equal. However, none of these studies use intranational trade

data in their estimation.

I use bilateral trade and production data from Centre d’études prospectives et

d’informations internationals (CEPII) available from 1980 to 2006 for a sample of 149

countries including 30 landlocked countries. I use the structural gravity model implementing

the Poisson Pseudo-Maximum-Likelihood (PPML) method to determine the impact of being

landlocked on bilateral trade flows. The question at this stage is if the added trade cost
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from being a landlocked country has increased over time as globalization forces reduce the

impact of borders for non-landlocked countries.

This paper makes several contributions to the existing literature. It builds upon the

literature on the structural gravity model that measure the impact of country-specific

variables on international trade. The effect of being landlocked has not been extensively

studied in the literature and this paper is one of the first to do so within the structural

gravity framework inclusive of intranational trade data. I have two major findings. First,

the results show that being landlocked reduces a country’s trade in manufactured goods

by 67.3 percent on average. Further, the negative effect of being landlocked is higher for

low-income landlocked countries as compared to the high-income countries. Second, the

paper addresses how the landlocked effect has changed over time. I find that the negative

impact of being landlocked on international trade has declined over the years; the impact

is lower in 2005 as compared to 1980.

The paper is further organized as follows. Section 1.2 discusses the gravity model of

trade, Section 1.3 gives details on the data and methodology used. Section 1.4 presents the

estimation results which is followed by conclusions in Section 1.5.

1.2 Background: Structural Gravity Model

The gravity model applied to international trade has been a very important tool for

understanding the determinants of international trade. Intuitively similar to Newton’s law

of gravity, the model states that the bilateral trade between two countries is proportional to

their size, which is measured by GDP and inversely proportional to the geographic distance

between them.

The structural gravity model as per Head et al. (2013) and Yotov et al. (2016) is given

by:

Xij,t = Tij,t
Yi,tEj,t

πi,tPj,t
(1.1)
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Here, Xij,t refers to the trade flows from country i to country j at time t. Tij,t refers

to the bilateral determinants of trade between countries i and j, which include time-

invariant determinants such as geographical distance and contiguous borders and time-

variant determinants like Regional Trade Agreements (RTAs). Yi,t is country i’s domestic

production, which is calculated as the total sales within the country and abroad. Ej,t is

country j’s aggregate expenditure, which is the sum across all bilateral imports including

domestic purchases within the country. πi,t and Pj,t denote the structural outward and

inward multilateral resistance terms.

1.3 Methodology and Data

The biggest challenge in using a structural gravity model for estimating the cost of being

landlocked is that ‘landlocked’, a country-specific variable, cannot be identified in a gravity

equation in the presence of importer and exporter fixed effects (Head and Mayer, 2014). The

fixed effects are needed in order to control for the unobservable time-invariant importer and

exporter characteristics, but these fixed effects also absorb the landlocked variable. There

have been some studies in the literature which have looked into proposing solutions for

this problem. Heid et al. (2021) propose that the use of intranational trade data allows

identification of international trade policy effects even in the presence of importer and

exporter fixed effects. Further, Beverelli et al. (2018) estimate the impact of country-specific

national institutions on international trade relative to internal trade, with the introduction

of intranational trade in the gravity model. Following this method, I can identify the impact

of country specific variable ‘landlocked’ that presumably affects both exports and imports.

Based on Heid et al. (2021) and Beverelli et al. (2018), I estimate the impact of

landlockedness on international trade relative to internal trade using the structural gravity

model. For the basic model, I use panel gravity estimation and apply importer-time and

exporter-time fixed effects to control for the multilateral resistances on the importer and

5



exporter sides. Starting with the standard gravity equation (1), the next step in estimation

is to use standard gravity variables like distance, contiguous borders, common language,

colonial ties and RTA as proxies for bilateral trade costs and add variables that allow for

the identification of a landlocked effect on international trade relative to internal trade. The

estimating equation is as follows:

Xij,t = exp(α+ β0Gij + β1Rij,t + β2Bij + β3BijLi + µi,t + δj,t) ∗ ϵij,t (1.2)

Since the model is estimated by PPML, the regressors are in exponential form. Traditional

gravity models have used OLS estimates using the logarithm of exports as the dependent

variable. Santos Silva and Tenreyro (2006) pointed out that the log linearization of the

empirical model in the presence of heteroskedasticity leads to inconsistent and biased

estimates due to Jensen’s inequality and proposed the use of PPML method in gravity

models. They suggest using PPML which can better estimate the gravity model.

In equation 1.2, Xij,t denotes trade flow from exporter i to importer j at time t.

Gij is a vector of time-invariant gravity covariates while Rij,t denotes the time-varying

determinant, RTA. µi,t and δj,t denote exporter-time fixed effects and importer-time fixed

effects respectively. The exporter-time fixed effects control for the outward multilateral

resistance and other country-specific time variant trade determinants that could influence

bilateral trade on the exporter side. Similarly, the importer-time fixed effects control for the

inward multilateral resistance and other country-specific time variant trade determinants

that could influence bilateral trade on the importer side. ϵij,t is the error term.

The major variable of interest for this paper is BijLi whose coefficient determines the

impact of being landlocked on international trade relative to internal trade, on the exporter

side. BijLi is the interaction between Bij and Li. Bij is the international border indicator

variable, which is 1 for international trade and 0 for intranational trade. Li is the time-

invariant landlocked indicator variable, which is 1 for landlocked and 0 for non-landlocked
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countries. Some historical events, like the dissolution of the Soviet Union in 1991 resulted in

the formation of landlocked countries in Central Asia. However, owing to the non-changing

borders of most of the countries in today’s world, I treat landlocked status as exogenous.

The primary source for trade flow data for this paper is the CEPII TradeProd database.

CEPII uses bilateral trade data and methods from BACI: International Trade Database

at the Product-level, which initially starts from the United Nations COMTRADE data,

(De Sousa et al. (2012)). The dataset covers 26 industrial sectors in the ISIC classification

Revision 2 for the period 1980-2006. The sample data for this paper covers aggregate

manufacturing data for 149 countries, among which 30 are landlocked, for the same period.4

The reason to focus on manufacturing is primarily due to data constraints. The inclusion

of intranational trade data requires data on gross output which is only available for the

manufacturing sector. In addition, within merchandise trade, manufactured exports may

have been hurt more by being landlocked than non-manufactured goods exports. The

average share of manufactured goods exports as a percentage of merchandise exports

between 1980 and 2006 is 35.9 percent for landlocked countries but 44.3 percent for non-

landlocked countries. Further, the gap between the landlocked and non-landlocked countries

for the manufactured goods exports tends to increase 1995 onward as seen in Figure 1.2.

The trade data includes not only international trade but also intranational trade, which

is defined as the difference between gross output and total exports in an industry. Here, gross

output should not be confused with value-added. Gross output is equal to the summation

of value-added and intermediate inputs. Since exports are reported as gross export values,

a nation’s gross output must be used to calculate intranational trade.5 The main source of

manufacturing production data for the CEPII TradeProd database is the United Nations

Industrial Development Organization (UNIDO). The CEPII database does not have internal

trade data for each of the 222 included countries so the observations of international trade

that do not have corresponding internal trade for each exporter-industry-year and importer-

4These countries are listed in Table A.1 and are mapped in Figure A.1
5Note that GDP is calculated on a net output or a value-added basis.
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industry-year are dropped before summing to aggregate bilateral trade. This process of data

trimming results in 149 countries.

The standard gravity variables, namely distance and indicator variables for contiguous

borders, common language and colonial ties, are taken from the CEPII gravity database.

These variables are country-pair-specific and time-invariant variables. The database uses

population-weighted-average methods to construct consistent measures of internal and

international distances, as described in Mayer and Zignago (2011).6 The CEPII database

also contains the RTA variable.

1.4 Estimation Results and Analysis

The summary statistics for the sample data are given in Table A. The first set of estimations

is presented in Table 1.1 The estimates in columns (1) to (3) are obtained from a yearly

panel of 149 countries from 1980 to 2006 using the PPML estimator and importer-year

and exporter-year fixed effects. It is to be noted that the gravity variables like RTA,

common language, common language and colonial tie are set to zero for intra-national trade.

This is done because trade economists want to estimate the impact of these determinants

on international trade relative to internal trade. As per Mayer and Zignago (2011), the

internal distance of a country is not zero and is measured as the average distance between

the producers and consumers.

The first column of Table 1.1 shows the negative impact of distance and international

borders on international trade. On the other hand, sharing a common language and having

a regional trade agreement have positive impacts on bilateral trade flows. These results

are consistent with the trade literature. Following Beverelli et al. (2018), it is not possible

to estimate the differential trade effects of exporter versus importer landlocked countries

simultaneously since landlockedness remains the same for a country, either as an exporter

or an importer.7 The impact of being landlocked on international trade is captured by

6Internal distance is measured as the average distance between producers and consumers.
7Heid et al. (2021) identify the impact of unilateral and non-discriminatory trade policies on bilateral

trade flows. These trade policies are specific for a country as an exporter or importer and hence apply
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BijLi which is defined on the exporter side. The regressor can also be determined on

the importer side but the coefficient will be the same. Therefore, we can interpret the

coefficients as the average effect of being landlocked on trade. Results are obtained without

any collinearity issues in column (2). The impact of being landlocked on international trade

for manufactured goods is negative and statistically significant. As compared to the non-

landlocked countries, being landlocked reduces a country’s trade in manufactured goods by

67.3 percent on average.8 The result reinforces the argument that landlocked countries face

a deterrent in manufactured goods trade as compared to the coastal countries.

The impact of being landlocked on trade might be different for countries based on their

income. Borchert and Yotov (2017) show that the decline in the distance elasticity over time

varies among countries based on their income. The decline in the distance elasticity for rich

countries is much larger than that for the poor countries, indicating that globalization has

benefited the richer countries the most. I test the hypothesis that richer landlocked countries

do not face as much negative impact as the poor landlocked countries in international trade.

Using the classification of countries by income group from the World Bank, I pool low-

income and lower middle-income countries into “low-income countries” and high-income

and upper middle-income countries into “high-income countries” in my sample. Among

the 149 countries in the data sample, 57 are low-income and 92 are high-income countries.

There are 10 high-income landlocked countries and 20 low-income landlocked countries. I

interact the low-income landlocked country indicator with the international border indicator

variable to estimate the differential effect of being landlocked on bilateral trade flows based

on different income groups. These results are shown in column (3). The negative impact

of being landlocked is much higher for the average low-income landlocked country than for

the average high-income landlocked country. The significant coefficient of -0.675 for the

BorderLI*Landlocked indicator variable implies that trade in manufactured goods reduces

differently on exports and imports. However, as in Beverelli et al. (2018), when the country specific variable
does not apply differently on whether a country is an exporter or an importer, it is difficult to identify the
differential trade effects simultaneously.

8The coefficient is interpreted as follows: (ebeta − 1) ∗ 100 = (e−1.119 − 1) ∗ 100 = 67.3%
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by 49.1 percent on average for a low-income landlocked country as compared to a high-

income landlocked country.9

Studies like Frankel et al. (1997) and Disdier and Head (2008) discuss a phenomenon

known as the “distance puzzle” or “missing globalization puzzle”, which indicate that

distance has posed a more negative effect on trade in recent years while using the gravity

model.10 Yotov (2012) resolves this problem by demonstrating that the effect of distance

on international trade needs to be estimated relative to the effect of distance on internal

trade. It is important to see whether globalization forces have resulted in any changes

in the landlocked penalties over the years. In order to capture any globalization effects

over the years, I use 10-year interval data with time varying border dummies in column

(4). Piermartini and Yotov (2016) suggest the use of panel data with intervals so as to

provide enough time for the adjustment of trade flows in response to trade policy changes.

The years included are 1990, 2000 and 2005 with 1980 as the reference year. The border

coefficient is negative and statistically significant while the time varying border dummies,

which are the deviations from the average border estimate, are positive and increasing over

the years. This indicates that borders have become less of a trade deterrent over time

and that globalization has had a significant impact on international trade during the years

covered. This result is comparable to the findings of Bergstrand et al. (2015) and Beverelli

et al. (2018) in the literature and further confirm that the structural gravity models can

capture the impact of globalization.

Column (5) of Table 1.1 shows the estimation of the impact of being landlocked on

international trade over the years from 1980 to 2005 with 10-year interval data. It is

important to see whether globalization forces have resulted in any changes in the landlocked

penalties over the years. Similar to column (4), the years included are 1990, 2000 and 2005

with 1980 as the reference year. The signs and significance of the gravity variables are

consistent with the previous columns. The positive and significant values of the time-

9The coefficient is interpreted as follows: (ebeta − 1) ∗ 100 = (e−0.675 − 1) ∗ 100 = 49.1%
10Gravity models in trade literature have used distance as a robust proxy for international trade costs and

the effect of distance on bilateral trade has always been negative and statistically significant in empirical
studies.
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varying border dummies interacted with the landlocked indicator variable, which are again

the deviations from the average border* landlocked variable, show that the landlocked

penalty is declining with time. The effect of being landlocked in 2005 is substantially lower

than that in 1980. Landlocked penalty has declined by about 52.7 percentage points in the

25 years (1980-2005), which is about 2.1 percentage points per year.

I test for the robustness of the results using 5-year interval data and PPML estimation

in Table 1.2 The results are consistent with Table 1.1 Being landlocked has a negative

impact on international trade, with the manufactured goods trade reducing by 65.7 percent

on average. Low-income landlocked countries face a higher negative impact than the high-

income landlocked countries. The time varying border dummies are positive and increasing

over the years which suggests that international trade has grown over time relative to

internal trade. The result in column (4) is consistent with the 10-year interval data results

in column (4) of Table 1.1 Column (5) shows positive and highly significant coefficients

for time-varying border*landlocked dummies. The values increase until 1990 then decline

slightly in 1995 and increase again until 2005. This means that the landlocked penalty

increased marginally from 1990 to 1995 but has overall declined from 1985 to 2005. The

consistency of results using the 5-year interval data in Table 1.2 and 10-year interval data in

Table 1.1 indeed indicate that the negative impact of landlockedness has declined gradually

over the years.

The results clearly show that landlocked countries are at a disadvantage in international

trade as compared to the coastal countries. With no direct access to the sea, a large

share of land transportation and additional time spent on transit, transport costs are

bound to be higher for the landlocked economies. The state of a country’s infrastructure

also plays a major role in increasing transport costs. As stated in Limao and Venables

(2001), inferior infrastructure leads to higher transportation costs, where own infrastructure

explains 36 percent and transit infrastructure explains 24 percent of the transport cost for

landlocked countries. Yoshino et al. (2021) suggest that infrastructure development can

create positive spillover effects on economic growth, employment, and trade. They state
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that the quality of infrastructure, inter-connectivity, population density, income, financing

access, and education determine the extent of such positive effects.

Why is the negative impact of landlocked on trade much higher for the low-income

landlocked countries? Looking into World Bank data, the average share of manufactured

goods exports as a percentage of merchandise goods exports for the years in the dataset

is 59.7 percent for high-income landlocked countries while 20.3 percent for low-income

landlocked countries. It is clear that the richer landlocked countries trade more in

manufacturing than the low-income landlocked countries. Further, the richer landlocked

countries seem to be involved in more sophisticated manufacturing trade. As per Hausmann

et al. (2007), it is more likely that the exports of products by high-income countries are

technologically advanced. Other studies have found that goods that have a high value to

weight ratio have very low shipping costs.11 This suggests that being landlocked seems to

have a much higher impact on countries that export low value manufactured goods which

have higher shipping costs.

Another reason for the disparity between the high and low-income landlocked countries

could be market structure and regional differences. In order to estimate how landlockedness

in different regions of the world impacts the countries’ bilateral trade flows, I interact the

landlocked indicator with the international border and region inidcator variables and report

the gravity model results in Table 1.3. A region indicator variable is created for each region

that has at least one landlocked country (i.e. Asia, Europe, Africa and South America).12

BorderAsia is the border indicator for Asian countries as exporters, BorderAfrica is the

border indicator for African countries as exporters and BorderSA is the border indicator

for South American countries as exporters. Results show that relative to the European

landlocked countries, the landlocked penalty is the highest for South American landlocked

countries followed by the African and then Asian landlocked countries in the data set.

European landlocked countries might be taking advantage of the deep integration into the

11For example, see Radelet and Sachs (1998), Rubin and Tal (2008)
12In my dataset, 42 countries are in Asia, including 11 landlocked countries; 39 countries are in Africa,

including 11 landlocked countries, 33 countries are in Europe, including 6 landlocked countries; 27 countries
are in South America, including 2 landlocked countries.
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regional market and low cost trade opportunities within the region, as also mentioned in

Gallup et al. (1999). Regional integration via formal trade agreements could pave the path

for increases in trade flows in the landlocked countries of the other regions.

On a positive note, results from column (5) of Tables 1.1 and 1.2 show that the negative

impact of being landlocked is declining over time. This is a novel result in the trade literature

and contrasts with Moore (2018) who finds that the landlocked penalty increases over

time. This study uses PPML estimation within the structural gravity model and includes

intranational trade data, which could explain the difference in results from Moore (2018).

The decrease in the landlocked penalty might be the effect of falling distance coefficients as

mentioned in Yotov (2012) and the significant impact of globalization as seen through the

positive and increasing time-varying border dummies. In addition, as per Hummels (2007),

transport costs have declined and air shipping has increased over the years and Harrigan

(2010) states that air transport is preferred to ocean transport on long-distance shipments.

Such trends in international trade could be making an impact on the decline in landlocked

penalty over the years.

1.5 Conclusion

This paper is one of the first studies to estimate the impact of being landlocked

using the structural gravity framework including intranational trade data. The paper

provides significant results that being landlocked reduces a landlocked country’s trade in

manufactured goods by 67 percent on average. Results are robust to using different intervals

data.

The finding of the paper that the landlocked penalty is lower for richer landlocked

countries could have possible policy implications. Low-income landlocked countries could

alleviate some of the landlocked penalty by focusing on higher technology manufacturing

exports, ensuring better trade relations with neighboring countries, improving infrastructure

for ground transportation networks and ensuring cheaper air transport costs. The decline
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in the negative impact of being landlocked is positive news for the landlocked countries,

especially the LLDCs. These findings provide room for further research to better understand

the landlocked penalty and its trend.
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Table 1.1 Landlocked and international trade using PPML

(1) (2) (3) (4) (5)
Exports Exports Exports Exports Exports

Distance (log value) -0.854*** -0.829*** -0.785*** -0.881*** -0.870***
(0.0437) (0.0424) (0.0397) (0.0450) (0.0452)

Contiguity 0.284*** 0.325*** 0.341*** 0.265** 0.252**
(0.0845) (0.0796) (0.0734) (0.0869) (0.0838)

Common official language 0.263** 0.315*** 0.373*** 0.349*** 0.304**
(0.0990) (0.0912) (0.0809) (0.0979) (0.0989)

Common colonizer 0.128 0.0940 0.0510 0.0839 0.111
(0.121) (0.122) (0.117) (0.119) (0.119)

RTA 0.403*** 0.447*** 0.388*** 0.310*** 0.358***
(0.0806) (0.0782) (0.0760) (0.0818) (0.0818)

Border -2.968*** -3.007*** -2.972*** -3.307*** -2.802***
(0.125) (0.122) (0.117) (0.119) (0.127)

Border * Landlocked -1.119*** -1.165*** -0.934*** -2.036***
(0.183) (0.177) (0.200) (0.307)

BorderLI -2.312***
(0.168)

BorderLI * Landlocked -0.675**
(0.258)

Border 1990 0.217***
(0.0358)

Border 2000 0.694***
(0.0610)

Border 2005 0.743***
(0.0630)

Border * Landlocked 1990 0.592**
(0.204)

Border * Landlocked 2000 1.159***
(0.270)

Border * Landlocked 2005 1.617***
(0.203)

Constant 25.75*** 25.59*** 25.31*** 26.01*** 25.94***
(0.281) (0.273) (0.255) (0.291) (0.292)

Observations 168890 168890 168890 22938 22938
Pseudo R2 0.988 0.988 0.990 0.988 0.988
Fixed effects:

Importer-year and exporter-year Yes Yes Yes Yes Yes
Note: *, ** and *** indicate statistical significance at the 5%, 1% and 0.1% levels respectively. Standard

errors, clustered by country-pairs are in parentheses. Columns (1) to (3) reflect estimates using full panel

data for 1980- 2006. Columns (4) and (5) reflect estimates using interval data for 1980, 1990, 2000 and 2005.
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Table 1.2 Robustness check: 5 years interval data using PPML

(1) (2) (3) (4) (5)
Exports Exports Exports Exports Exports

Distance (log value) -0.878*** -0.857*** -0.811*** -0.868*** -0.856***
(0.0440) (0.0431) (0.0400) (0.0439) (0.0432)

Contiguity 0.243** 0.278*** 0.300*** 0.292*** 0.282***
(0.0851) (0.0812) (0.0733) (0.0853) (0.0814)

Common official language 0.273** 0.314*** 0.378*** 0.365*** 0.324***
(0.0995) (0.0942) (0.0830) (0.0946) (0.0945)

Common colonizer 0.126 0.0971 0.0545 0.0659 0.0939
(0.117) (0.118) (0.113) (0.118) (0.118)

RTA 0.348*** 0.386*** 0.333*** 0.327*** 0.382***
(0.0806) (0.0784) (0.0758) (0.0802) (0.0787)

Border -2.858*** -2.886*** -2.862*** -3.342*** -2.888***
(0.122) (0.121) (0.114) (0.117) (0.121)

Border * Landlocked -1.072*** -1.116*** -1.089*** -1.981***
(0.195) (0.188) (0.202) (0.299)

BorderLI -2.283***
(0.171)

BorderLI * Landlocked -0.730**
(0.267)

Border 1985 0.131**
(0.0442)

Border 1990 0.217***
(0.0358)

Border 1995 0.474***
(0.0521)

Border 2000 0.694***
(0.0607)

Border 2005 0.745***
(0.0633)

Border * Landlocked 1985 0.319***
(0.0552)

Border * Landlocked 1990 0.567**
(0.200)

Border * Landlocked 1995 0.508**
(0.189)

Border * Landlocked 2000 1.135***
(0.264)

Border * Landlocked 2005 1.607***
(0.200)

Constant 25.94*** 25.81*** 25.52*** 25.88*** 25.81***
(0.284) (0.278) (0.258) (0.283) (0.279)

Observations 37159 37159 37159 37159 37159
Pseudo R2 0.988 0.988 0.989 0.989 0.988
Fixed effects:

Importer-year and exporter-year Yes Yes Yes Yes Yes
Note: *, ** and *** indicate statistical significance at the 5%, 1% and 0.1% levels respectively. Standard

errors, clustered by country-pairs are in parentheses. All columns reflect estimates using five-year interval

data for 1980-2005.
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Table 1.3 Regions and landlocked trade penalty

(1)
Exports

Distance (log value) -0.827∗∗∗

(0.0424)

Contiguity 0.326∗∗∗

(0.0800)

Common official language 0.313∗∗∗

(0.0911)

Common colonizer 0.0938
(0.122)

RTA 0.440∗∗∗

(0.0783)

Border -3.006∗∗∗

(0.122)

Border * Landlocked -1.005∗∗∗

(0.181)

BorderAsia * Landlocked -2.175∗∗∗

(0.322)

BorderAfrica * Landlocked -2.589∗∗∗

(0.316)

BorderSA * Landlocked -3.046∗∗∗

(0.299)

Constant 25.58∗∗∗

(0.273)

Observations 168890
Pseudo R2 0.988
Fixed effects:

Importer-year and exporter-year Yes

Note: ∗, ∗∗ and ∗∗∗ indicate statistical significance at the 5%, 1% and 0.1% levels respectively.

Standard errors, clustered by country pairs are in parentheses.
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Chapter 2

Deep-Water Ports and International Trade:

A Structural Gravity Estimation1

Abstract

We investigate the importance of deep-water ports for international trade using a structural

gravity model. We find that countries with at least one port capable of hosting a Panamax

ship (i.e., port depth of at least 41 feet) trade tremendously more (e.g., 163.0 to 174.8

percent more manufactured goods) than countries without such ports. Ten additional feet

of port depth is estimated to increase a country’s international trade in manufactured goods

by 8.2 to 12.7 percent, in mining goods by 29.5 to 33.9 percent, and in agricultural goods

by 31.9 to 34.1 percent. Reassuring, port depth does not appear to be a strong determinant

of trade in services, especially when we explored its effect on individual service industries.

For trade in commodities, having more ports at deeper cutoff depths is shown to be an

additional trade facilitator and most of our trade elasticities become even larger when we

exclude landlocked countries from our sample.

1This chapter is based on a joint project with Theresa M. Greaney
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2.1 Introduction

The development, standardization and proliferation of cargo containerization has profoundly

impacted international trade over the past six decades.2 Studies like Brooks et al. (2018)

have shown that trade costs have fallen drastically due to the onset of containerization and

the growth in ships’ capacities to carry containers.3 These large container ships require

deep ports to dock. According to the National Oceanic and Atmospheric Administration

(NOAA)’s National Ocean Service, an additional inch of water in a port enables the entry

of larger ships carrying millions of dollars’ worth of additional cargo.4 Do countries that

have deep-water ports, which are capable of hosting larger ships, have an advantage in

international trade? If so, what port depth provides the largest boost to international

trade and do countries benefit from having multiple deep-water ports? Do deep-water ports

matter equally across sectors (i.e., manufacturing, agriculture, mining and services)? We

address these questions through this study.

Maritime trade has been the backbone of international trade. The Review of Maritime

Transport 2018, published by the United Nations Conference on Trade and Development

(UNCTAD), estimates that around 80 percent of global trade by volume and over 70 per

cent of global trade by value are carried by sea rather than by air or ground transport.

One of the major reasons for the heavy reliance on maritime transport is containerization.

Container ships began to be highly adopted in the 1970s. During the 1980s, the demand for

larger container ships grew due to the lower costs per twenty foot equivalent unit (TEU)

(i.e., a standardized container). Based on the size limit of the Panama Canal, ships with

a capacity of about 4,000 TEUs were built. By 1996, full-fledged Post Panamax ships

were built with capacity of 6,600 TEUs. The Post Panamax containerships required very

deep ports to dock. By 2006, the third generation of post-Panamax containerships with

2American entrepreneur Malcolm McLean is credited with inventing the modern intermodal container in
1956, but widespread international usage began after the International Standards Organization standardized
the size of containers in 1968 and ships were redesigned to carry these standardized units (i.e., 20 feet long,
8 feet high, 8 feet wide).

3The first container ships had a capacity of under 1,000 twenty-foot equivalent unit (TEU) containers
while the largest container ships currently carry over 20,000 containers.

4NOAA, “An Inch of Water. What’s it Worth?”, https://oceanservice.noaa.gov/economy/inch-water/.
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capacities of 11,000 to 14,500 TEUs were built. Deep-water ports are compatible with the

large and heavily loaded ships, which require water depths of 30 feet or more. Such deeper

ports enable access to larger ships and thus result in fewer total trips for the same volume

of goods. Fewer trips required to ship the same volume of cargo result in a positive impact

on the environment, maritime safety, and transportation costs, according to NOAA.

Our inquiry into estimating the advantages of deep-water ports for international

trade relates to several strands of literature. One strand examines the linkages between

transportation costs and port infrastructure or connectivity. Wilmsmeier et al. (2006) find

that increases in port infrastructure and inter-port connectivity lead to reduced maritime

transport costs. Clark et al. (2004) study the impact of port efficiency on shipping costs and

find that improving port efficiency from the 25th to the 75th percentile reduces shipping

costs by 12%.

A related strand of literature examines the relationship between port connectivity and

international trade. Fugazza and Hoffmann (2017) use bilateral trade data for 138 coastal

countries to demonstrate that the lack of a direct maritime connection with a trade partner

results in less bilateral trade. Xu et al. (2020) use an empirical data set provided by

Alphaliner of 1,316 international liner shipping service routes for the year 2015, which were

all deployed with full-container vessels. Their results support that the countries that are

strongly integrated into the global maritime transportation network have enhanced access

to global markets and trade opportunities.

A third strand of literature seeks to estimate the effects of the “container revolution” on

international trade or on regional growth near ports that switched to containerized shipping.

Altomonte et al. (2018), Brooks et al. (2018) and Ducruet et al. (2020) demonstrate that

access to a deep-water port is important for the switch to containerization to occur from

the 1960’s and onward. Altomonte et al. (2018) use exogenous variation in deep-water port

access across countries to instrument for gross trade values in estimating the impact of trade

on per capita GDP growth.
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We propose using the structural gravity model to estimate the advantages accruing to

countries with deep-water ports in terms of international trade.5 We treat port depth as

a natural endowment, similar to Altomonte et al. (2018) but unlike that study, we include

domestic trade in our structural gravity estimation. Ducruet et al. (2020) also argue that

their calculation of depth using gridded bathymetric data on underwater elevation levels

within a 3-5 km radius of the geocode of the port allows for an appropriate measure of

a port’s natural endowment of depth because dredging is typically done only in narrow

channels leading to port due to the tremendous costs involved. By measuring depth over

a wide buffer area, they can approximate an endogenous depth for each port.6 They find

that their buffer zone measurement of port depth is negatively correlated with the level

of shipping in 1950, pre-containerization, so they use “residualized depth” which is not

correlated with shipping levels nor with changes therein from 1950-1960. From 1970 onward

(i.e., 1980, 1990), their depth measure has a positive and significant effect on shipping as

containerization started from about the same time for international routes. Their focus is

on estimating welfare effects of the introduction of containerized shipping, while building a

case for treating port depth as a region’s natural endowment.

Our paper makes several contributions to the existing literature. It is one of the first

studies to explore the differences in the degree of coastal access to modern maritime

transport services. Unlike the traditional significance of ports deeper than 30 feet as

denoting “deep-water ports”, we find that trade in manufactured goods is boosted the most

when countries have at least one port deeper than 40 feet. It is also the first study of which

we are aware that applies a structural gravity model to properly identify the trade elasticity

corresponding to a country’s maximum port depth. Ten additional feet of maximum port

depth is estimated to increase a country’s international trade in manufactured goods by

8.2 to 12.7 percent, and we find even larger elasticities for trade in mining and agricultural

5A related strand of literature examines the landlocked penalty in international trade (e.g., Gyawali
(2022), Moore (2018)).

6Additionally, using dredging data for 100 random ports in their sample, they find that ports measured to
be shallow are more likely to have dredged a channel(s). This supports their use of their depth measurement
as a “natural” depth endowment because they find no evidence that deeper ports were created by dredging.
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goods. Reassuringly, port depth is not a strong determinant of trade in services, which are

less likely to be traded using maritime transportation.

We present our structural gravity model methodology in Section 2.2, followed by a

description of our data sources and summary statistics in Section 2.3. Our main results

for trade in manufactured goods are presented in Section 2.4.1. In Section 2.4.2, we

present robustness checks, which include estimating port depth trade elasticities for trade

in agriculture, mining and services sectors. Finally, Section 2.5 concludes.

2.2 Methodology

The gravity model applied to international trade has been a very important tool for

understanding the determinants of international trade. Intuitively similar to Newton’s law

of gravity, the model states that the bilateral trade between two countries is proportional to

their size, which is measured by GDP and inversely proportional to the geographic distance

between them.

The simplest version of the structural gravity model as per Head et al. (2013) and Yotov

et al. (2016) is given by:

Xij = Tij
YiEj

ψiψj
(2.1)

In equation 2.1, Xij refers to the trade flows from country i to country j. Tij refers to the

bilateral trade costs between countries i and j, such as geographical distance and contiguous

borders. Yi is country i’s domestic production, which is calculated as the total sales within

the country and abroad. Ej is country j’s aggregate expenditure, which is the sum across

all bilateral imports including domestic purchases within the country. ψi and ψj denote the

structural outward and inward multilateral resistance terms.

This basic equation is then modified by adding a time dimension and an indicator for

international versus domestic trade, along with formatting the equation for use with Poisson
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Pseudo Maximum Likelihood (PPML) estimation7 as follows:

Xijt = exp[α+ ψit + ψjt + (T′
ij)β1 + (T′

ijt)β2 + (Borderij)δ

+(Borderij)× (Porti)γ]× εijt, (2.2)

where Xijt is exports from country i to country j in year t, ψit and ψjt are origin-year and

destination-year fixed effects, T′
ij is a vector of country-pair, time-invariant variables, T′

ijt

is a vector of country-pair, time-variant variables, Borderij is an indicator for international

trade relative to domestic trade, and Porti is a time-invariant indicator of origin country

i’s port endowment. Heid et al. (2021) and Beverelli et al. (2018) explain how the effect of

a country-specific determinant of international trade can be identified while using exporter

and importer fixed effects by interacting the determinant with the indicator for cross-border

trade and including domestic trade along with international trade in the data sample.

We consider the following indicators of a country’s port endowment: deepest cargo port

depth, number of deepest cargo ports, indicators for having at least one port deeper than

various cutoff depths (i.e., 21, 31, 41, 51 or 61 feet), and numbers of ports deeper than the

aforementioned cutoff depths. In one variation of our estimation, we use port indicators

for both the exporter and importer countries to create a country-pair port indicator. We

interact the border indicator with Porti × Portj , using port indicators for having at least

one port deeper than various cutoff depths.

The control variables in our structural gravity equation are those typically chosen

for country-pair, time-invariant trade cost-related variables (i.e., distance, contiguity,

common language, colonial relationship) and country-pair, time-variant trade cost-related

variables (i.e., preferential trade agreements (PTA)). The exporter-year and importer-year

fixed effects control for exporter and importer time-variant variables (i.e., economic size,

multilateral resistance).

7PPML estimation is preferred because it accounts for the heteroskedasticity and zeroes often found in
bilateral trade data (see Santos Silva and Tenreyro (2006)).
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Our estimation strategy allows us to estimate the effect of our country-specific port

indicators on international trade relative to its effect on domestic trade. In other words,

we acknowledge that many larger countries and/or geographically dispersed countries may

rely on their ocean ports for domestic shipping as well as for international shipping;

our estimation strategy allows us to estimate the effects of ports on international trade

relative to their effects on domestic trade. This estimation strategy relies on the consistent

inclusion of domestic trade observations along with international trade observations. Our

trade data, described in detail in the next section, is provided at the exporter-importer-

industry-year level, but often reports international trade at the industry-year level without

a corresponding domestic trade observation for that industry-year. We trim our data

by dropping international trade observations that are not matched by domestic trade

observations on the exporter side (i.e., the side for which we include our port indicators)

prior to aggregating to the the bilateral trade level for each exporter-importer-year.

Following Yotov et al. (2016), we use PPML for estimation on interval panel data,

using 4-year intervals (i.e., 2000, 2004, 2008, 2012, 2016, 2019) for our main results on

manufactured goods trade. In Section 2.4.2, we check the robustness of our results by using

different data intervals and by excluding landlocked countries. We also compare our ports

coefficients across the four broad sectors, and examine industry-level estimates for several

services industries.

2.3 Data

2.3.1 Sources

The trade data comes from the International Trade and Production Database for

Estimation (ITPD-E), Release 2, available for download from the U.S. International Trade

Commission’s (USITC’s) Gravity Portal (Borchert et al. (2022), Borchert et al. (2021)).

This database covers international and domestic trade for 265 countries and 170 industries

for years that vary by sector as follows: agriculture (1986-2019), mining and energy (1988-
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2019), manufacturing (1988-2019) and services (2000-2019). In order to conduct cross-

sector comparisons using a common time period, we use the data for years 2000-2019 for

our estimations.8 The trade flow data is reported in millions of current US dollars for

each exporter-importer-industry-year observation. After trimming the trade to include

international trade observations only if matched by domestic trade observations at the

industry level for each exporter-year, our trimmed trade data is an unbalanced panel since

the ITPD-E data is missing domestic trade observations for many countries and years. The

exporter-importer-industry-year observations are aggregated to the exporter-importer-year

level for use in the gravity estimation.

The USITC’s Gravity Portal also provides the Dynamic Gravity Dataset (DGD) that

consists of country-level macroeconomic variables (e.g., GDP, population) and country-pair

variables (e.g., distance, common border) for 286 countries from 1948-2019 (Gurevich and

Herman (2018)). We utilize the DGD’s country-pair variables for our structural gravity

estimations.

We utilize ports data from the National Geospatial-Intelligence Agency’s World Port

Index (WPI), Pub. 150 (WPI (2019)). Port depths for cargo piers and oil/LNG terminals

are provided in 5-foot range increments; we use the lower bound of each range for our

measure of port depth. For each country, we identify the deepest cargo port, along with

a count of the number of deepest cargo ports and numbers of ports above various cutoff

depths to use as independent variables in our gravity equation. We use cargo port depth

and numbers of cargo ports as our main port indicators because oil terminal port depths

are unavailable for 50 out of 185 countries with reported cargo port depths in our data.9

2.3.2 Descriptive analysis

Figure 2.1 shows the distribution of countries by their deepest cargo port depth. The

123 countries included are those used for trade in manufactured goods with the four-year

8Note that domestic trade data is either completely missing (1986-1987) or quite sparse (1988-1990) in
the early years of the database, which further supports our focus on the most recent 20 years.

9The correlation between the maximum cargo port depth and maximum oil terminal port depth is 0.543
for 135 countries reporting both.
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interval data used for our benchmark regressions.10 As shown in Figure 1, 30 countries are

landlocked while 20 countries have port depths of at least 76 feet, the maximum cutoff depth

observed in our data. Only three countries have maximum port depth at the 61 or 66 feet

cutoffs (Australia, Peru and Israel), so we use 61 feet and deeper as a cutoff in regressions

rather than separating these three countries from the 27 countries having at least one port

at the 71 feet or deeper level.

Figure 2.1 Distribution of Countries by Deepest Port Size
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Fig. 1: Countries' Distribution by Deepest Port Sizes

Source: Authors’ analysis of data from WPI (2019) for 123 countries included in benchmark regressions for

manufactured goods trade.

To illustrate the correlation between countries’ deepest port depths and their total

exports, Figure 2.2 shows a scatter plot with fitted values and 95 percent confidence interval

for a middle year (i.e., 2012) in our interval data. The positive correlation is demonstrated

by the positively-sloped fitted line, but we also can observe more variance in total exports

for countries at the tails of our distribution (i.e., landlocked countries and countries with

deepest port sizes of 71 and 76 feet). The observed positive correlation between countries’

10Table A.3 shows the full country list by maximum port depth grouping.
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deepest port sizes and exports motivates our deeper inquiry into the relationship using the

structural gravity model to control for other trade determinants in the next section.

Figure 2.2 Relationship Between Countries’ Deepest Port Size and Total Exports, 2012
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Source: Authors’ analysis of trade data and ports data from WPI (2019) for 123 countries included in

benchmark regressions for manufactured goods trade.

2.4 Results

2.4.1 Main Results

Table 2.1 shows our PPML estimation results that include the cargo port depth of each

exporting country’s deepest port and the number of deepest cargo ports per exporting

country as potential trade determinants in a structural gravity model. We focus on

manufactured goods and use four-year interval panel data for 2000 to 2019. The data

is trimmed such that every international trade observation at the exporter-year-industry

level is matched by a domestic trade observation at the same level. That is, missing intra-

national trade observations result in the exclusion of international trade observations for

that exporter-year-industry prior to aggregation to the country-pair-year level. Column
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(1) shows our baseline estimation, before we include the port variables. The baseline

estimation shows the standard results in that distance and crossing an international border

are significant trade deterrents, while sharing a common border, language, colonial link and

PTA are significant trade facilitators. The results in columns (2)−(4) indicate that the

port depth of each country’s deepest port and the number of such deepest ports are both

positive and significant determinants of trade when introduced individually or together.

Using the coefficients in columns (4) and (2), we find that 10 additional feet of port depth

in a country’s deepest port corresponds with 8.2 to 12.1 percent more international trade.11

The results in column (4) also indicate that after controlling for a country’s deepest port

depth, having additional ports of that same size corresponds with more international trade

(i.e., each additional maximum depth port corresponds with 36.8 percent more trade).

We next use indicator variables to investigate which port depth has the greatest impact

in terms of facilitating trade in manufactured goods. We use 10-foot depth increments

to measure the importance of having at least one port deeper than various cutoff depths.

Table 2.2 presents these results using cutoffs of 21, 31, 41, 51 and 61 feet in columns (1)

to (5), respectively. The coefficients on all of the cutoff depths except 51 feet are positive

and significant, with the coefficient on a minimum depth of 41 feet being the largest in

magnitude.12 Note that this cutoff goes beyond the basic definition of a “deep water port”

(i.e., a port deeper than 30 feet). Countries that have at least one port deeper than 40 feet

(i.e., the minimum depth needed to host a Panamax ship) trade 174.8 percent more than

countries without such ports.

Table 2.3 presents our results using count indicators for having more than one port

deeper than various cutoff depths. This estimation addresses the question of the value of

having multiple deep-water, Panamax-compatible or deeper ports. The coefficients that

correspond with each cutoff depth of 21 through 61 feet in columns (1) through (5) are

11Due to the exponential form of the PPML estimation, the port access variables’ coefficients are converted
into trade elasticities by taking exponent(coefficient) − 1. Note that we do not change port depth into a log
value because the port depth for landlocked countries is zero.

12The insignificant coefficient on the cutoff depth of 51 feet is unique to the trade in manufactured goods.
In later robustness checks, we find positive and significant coefficients on the 51-foot cutoff depth for trade
in agricultural and mining goods.
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Table 2.1 Deepest Port Depth and Number of Deepest Ports, Manufactured Goods
(1) (2) (3) (4)

VARIABLES Exports Exports Exports Exports

Log distance -0.777*** -0.741*** -0.771*** -0.747***
(0.0507) (0.0483) (0.0503) (0.0496)

Contiguity 0.424*** 0.487*** 0.466*** 0.495***
(0.0933) (0.0978) (0.0959) (0.0979)

Common language 0.259*** 0.243*** 0.143* 0.169**
(0.0693) (0.0693) (0.0768) (0.0798)

Colony pair 0.226** 0.198** 0.253*** 0.225**
(0.101) (0.0994) (0.0958) (0.0956)

PTA 0.179** 0.225*** 0.271*** 0.273***
(0.0853) (0.0790) (0.0745) (0.0720)

Border (B) -2.944*** -3.802*** -3.516*** -3.921***
(0.162) (0.235) (0.173) (0.239)

B*Deepest cargo port depth 0.0120*** 0.00820***
(0.00280) (0.00291)

B*Num port w/max c.depth 0.460*** 0.313**
(0.117) (0.123)

Constant 18.80*** 18.56*** 18.76*** 18.60***
(0.330) (0.315) (0.328) (0.324)

Observations 105,243 105,243 105,243 105,243
Pseudo R2 0.983 0.984 0.984 0.984

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019; data trimmed on

exporter side; 123 exporter and 238 importer countries.
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Table 2.2 Having at Least One Port Deeper than Various Cutoff Depths, Manufactured
Goods

(1) (2) (3) (4) (5)
VARIABLES Exports Exports Exports Exports Exports

Log distance -0.762*** -0.757*** -0.747*** -0.788*** -0.753***
(0.0502) (0.0498) (0.0498) (0.0520) (0.0483)

Contiguity 0.447*** 0.448*** 0.455*** 0.405*** 0.472***
(0.0950) (0.0950) (0.0955) (0.0941) (0.0953)

Common language 0.257*** 0.252*** 0.254*** 0.268*** 0.242***
(0.0693) (0.0693) (0.0692) (0.0673) (0.0681)

Colony pair 0.209** 0.206** 0.204** 0.231** 0.212**
(0.101) (0.101) (0.100) (0.102) (0.0990)

PTA 0.202** 0.215** 0.224*** 0.159* 0.203**
(0.0843) (0.0837) (0.0835) (0.0856) (0.0793)

Border (B) -3.672*** -3.830*** -3.974*** -2.782*** -3.254***
(0.212) (0.200) (0.202) (0.219) (0.180)

B*Have port w/c.depth ≥ 21ft 0.720***
(0.163)

B*Have port w/c.depth ≥ 31ft 0.879***
(0.151)

B*Have port w/c.depth ≥ 41ft 1.011***
(0.150)

B*Have port w/c.depth ≥ 51ft -0.169
(0.153)

B*Have port w/c.depth ≥ 61ft 0.368***
(0.134)

Constant 18.70*** 18.66*** 18.60*** 18.87*** 18.64***
(0.327) (0.325) (0.325) (0.337) (0.314)

Observations 105,243 105,243 105,243 105,243 105,243
Pseudo R2 0.984 0.984 0.984 0.983 0.984

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019: data trimmed on

exporter side; 123 exporter and 238 importer countries.
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positive, significant and increasing in magnitude. Having an additional port with a depth

of 21 feet or deeper corresponds with 0.5 percent more trade, while having an additional

port with a depth of 61 feet or deeper corresponds with 14.0 percent more trade.

An alternative approach to measuring the impact of port access for international trade

is to treat port access as a country-pair variable. Clearly port depth matters for loading

ships on the exporter dock but also for unloading them on the importer dock. Table 2.4

presents results using indicator variables for country-pairs having at least one port deeper

than various cutoff depths. These results necessitate trimming the data on both the exporter

and importer sides since we are using port variables interacted with the border indicator on

both sides. Necessarily trimming on the second side reduces our numbers of observations

(from 105,243 in previous tables to 41,433 in Table 2.4) and the number of importer countries

(from 238 in previous tables to 123 in Table 2.4). The coefficients on our country-pair ports

depth indicator variables are all positive and significant except for the cutoff depth of 51

feet, which was also insignificant in Table 2.2. The largest coefficient corresponds with

country pairs that have at least one port deeper than 41 feet, which trade 90.6 percent

more than country pairs that do not have such ports. This provides further support for the

importance of being able to host Panamax-size ships at a minimum for international trade,

which requires a deeper port than the standard definition of a “deep water port”.
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Table 2.3 Having Multiple Ports Deeper than Various Cutoff Depths, Manufactured Goods

(1) (2) (3) (4) (5)
VARIABLES Exports Exports Exports Exports Exports

Log distance -0.687*** -0.686*** -0.706*** -0.742*** -0.745***
(0.0505) (0.0483) (0.0464) (0.0486) (0.0478)

Contiguity 0.477*** 0.482*** 0.475*** 0.461*** 0.479***
(0.102) (0.103) (0.101) (0.0967) (0.0976)

Common language 0.0771 0.0862 0.233*** 0.266*** 0.246***
(0.0730) (0.0716) (0.0680) (0.0702) (0.0704)

Colony pair 0.220** 0.242** 0.246** 0.219** 0.193*
(0.0975) (0.0981) (0.101) (0.106) (0.109)

PTA 0.465*** 0.490*** 0.403*** 0.249*** 0.250***
(0.0662) (0.0647) (0.0716) (0.0803) (0.0753)

Border (B) -3.622*** -3.700*** -3.639*** -3.286*** -3.288***
(0.152) (0.148) (0.156) (0.179) (0.157)

B*Num ports w/c.depth ≥ 21ft 0.00519***
(0.000593)

B*Num ports w/c.depth ≥ 31ft 0.0115***
(0.00123)

B*Num ports w/c.depth ≥ 41ft 0.0335***
(0.00388)

B*Num ports w/c.depth ≥ 51ft 0.0563***
(0.0152)

B*Num ports w/c.depth ≥ 61ft 0.131***
(0.0365)

Constant 18.21*** 18.20*** 18.32*** 18.57*** 18.59***
(0.329) (0.316) (0.303) (0.317) (0.312)

Observations 105,243 105,243 105,243 105,243 105,243
Pseudo R2 0.985 0.985 0.985 0.984 0.984

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019; data trimmed on

exporter side; 123 exporter and 238 importer countries.
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Table 2.4 Country Pairs Having at Least One Port Deeper than Various Cutoff Depths,
Manufactured Goods

(1) (2) (3) (4) (5)
VARIABLES Exports Exports Exports Exports Exports

Log distance -0.949*** -0.941*** -0.926*** -0.972*** -0.922***
(0.0730) (0.0723) (0.0724) (0.0770) (0.0706)

Contiguity 0.345*** 0.345*** 0.352*** 0.319*** 0.373***
(0.113) (0.113) (0.114) (0.116) (0.122)

Common language 0.149* 0.139 0.143 0.153* 0.118
(0.0903) (0.0899) (0.0896) (0.0909) (0.0927)

Colony pair 0.118 0.117 0.117 0.136 0.111
(0.132) (0.131) (0.131) (0.133) (0.126)

PTA 0.168 0.186* 0.197* 0.134 0.186*
(0.110) (0.109) (0.109) (0.114) (0.103)

Border (B) -3.342*** -3.428*** -3.526*** -2.848*** -3.143***
(0.227) (0.219) (0.221) (0.242) (0.211)

B*Ctry pair w/c.depth ≥ 21ft 0.485***
(0.114)

B*Ctry pair w/c.depth ≥ 31ft 0.568***
(0.104)

B*Ctry pair w/c.depth ≥ 41ft 0.645***
(0.104)

B*Ctry pair w/c.depth ≥ 51ft 0.0152
(0.108)

B*Ctry pair w/c.depth ≥ 61ft 0.391***
(0.103)

Constant 20.10*** 20.05*** 19.95*** 20.25*** 19.93***
(0.480) (0.475) (0.476) (0.505) (0.464)

Observations 41,433 41,433 41,433 41,433 41,433
Pseudo R2 0.986 0.986 0.986 0.986 0.986

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019; data trimmed on

exporter and importer sides; 123 exporter and importer countries.
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We acknowledge the potential endogeneity issue in our estimation. While we have results

that show that deep ports significantly facilitate international trade, it might be argued

that as trade grows, countries may increase the depths of their ports and access channels.

Following the discussions and findings in Brooks et al. (2018) and Ducruet et al. (2020),

we treat port depth as exogenous. Dredging is a routine necessity conducted in waterways

to maintain water depth, but dredging to significantly increase a port’s water depth is

extremely costly and subject to numerous environmental regulations. As was mentioned

previously, Ducruet et al. (2020) find that ports measured to be shallow were more likely

to have dredged a channel(s) compared with ports measured to be deep, which undermines

the hypothesis that deeper ports were created by dredging and supports our treatment of

port depth as exogenous.

2.4.2 Robustness Checks and Discussion

Our main results used manufactured goods with four-year interval panel data from 2000

to 2019. In this section, we conduct robustness checks using the following: 1) different

data intervals; 2) excluding landlocked countries; and 3) different sectors (i.e., agriculture,

mining, and services). We also discuss the importance of the consistent use of internal trade

observations in using the structural gravity model to estimate the effects of country-specific

characteristics, such as port access, in the presence of exporter-year and importer-year fixed

effects.

First, we check on the sensitivity of our results to the choice of four-year interval data.

We now use three-year intervals extending from 2000 to 2018, again focused on manufactured

goods. We find that all of our benchmark results are robust to changing the intervals,

as summarized in Table 2.5.13 The estimated trade elasticities produced from having an

additional 10 feet of depth in a country’s deepest port is nearly identical to what we found

in our main results (i.e., 8.5 to 12.7 percent versus 8.2 to 12.1 percent), as shown in Table

2.5. The trade elasticity found for having at least one port deeper than 40 feet was again

13Full regression results appear in Tables A.4, A.5, and A.6.
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the largest in magnitude and very similar to our main result (i.e., 163.0 percent versus

174.8 percent). Having an additional port at least 61 feet deep is estimated to increase a

country’s trade by 15.6 percent, slightly higher than the 14.0 percent found in our main

results. Therefore, we conclude that our results for manufactured goods trade are robust

to changing the data intervals used.

Table 2.5 Estimated Trade Effects of Port Access for Manufactured Goods
Trade Elasticities

Deepest Have at least Num. of ports
Years Intervals Countries Port Depth 1 port ≥ 41ft. ≥ 61ft.

2000-2019 4-year All 8.2-12.1 174.8 14.0
2000-2018 3-year All 8.5-12.7 163.0 15.6
2000-2019 4-year Excl. landlocked 15.4-17.0 558.6 13.8

Notes: Trade elasticities calculated as exponent(coefficient)−1, with coefficients taken from Tables 2.1, 2.2

and 2.3 for results shown in row 1; from Tables A.4, A.5 and A.6 for results shown in row 2; and from Tables

A.7, A.8 and A.9 for results shown in row 3.

Since the trade penalty for being a landlocked country is well-documented,14 we check for

the robustness of our results by dropping landlocked countries for our sample. In this way,

we compare the advantage of having deeper ports relative to countries that have shallow

ports rather than having a reference group that includes shallow port and no port countries.

As summarized in the third row of Table 2.5.15, most of our main results are magnified when

landlocked countries are excluded from the sample. Port depth becomes an even stronger

trade determinant among countries that all have at least one port. An additional 10 feet of

depth in a country’s deepest port is associated with 15.4 to 17.0 percent more trade, while

having at least one port deeper than 40 feet corresponds with an enormous 558.6 percent

more trade. The trade elasticity associated with having additional ports above the 60 foot

depth cutoff (i.e., 13.8 percent) is in line with our previous estimates (i.e., 14.0 to 15.6

percent).

Next we check whether our results are specific to manufactured goods trade by repeating

the analysis shown in Table 2.1 for the additional aggregated sectors included in the ITPD-E

14For example, see Gyawali (2022) and Moore (2018)
15Full regression results appear in Tables A.7, A.8 and A.9.
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data (i.e., agriculture, mining, and services). Table 2.6 shows the inclusion of deepest port

depth in the gravity estimation for each of the four aggregated sectors. For comparison,

column (1) of Table 2.6 repeats the results shown in column (2) of Table 2.1 for manufactured

goods. Columns (2) through (4) of Table 2.6 show the results of the same estimation for

agriculture, mining and services sectors, respectively. Deepest port depth is positive and

significant for all four sectors, but it is quantitatively smaller for services. Across the three

goods sectors, the port depth coefficient has the largest magnitude for agriculture goods,

followed by mining goods. Ten additional feet of deepest port depth correspond with 34.1

percent more trade of agriculture goods, 29.5 percent more trade of mining goods and 4.0

percent more trade of services. Recall that our estimate for manufactured goods using the

same specification is 12.1 percent more trade with 10 additional feet of deepest port depth.

This result for manufactured goods alone under-estimates the full importance of deep ports

for commodities trade, since port depth is even more important for trade in agriculture

and mining goods. We suspect that the weight and/or volume of traded goods relative

to their value may help to explain the larger elasticities for agriculture and mining goods

compared with manufactured goods. Bulk cargoes (e.g., oil and petroleum products, coal,

grains) constitute a much larger share of world trade when measured by weight than when

measured by value (Hummels (2007)).16

We also repeat the estimation shown in column (4) of Table 2.1 to check the effect of

deepest port depth while controlling for the number of such ports. Table 2.7 presents these

results with each column corresponding to a different sector, similar to the previous table.

The magnitudes of the port depth coefficients on the three goods sectors change slightly

when controlling for the number of deepest ports, but all are still positive and significant.

The coefficient on port depth is now the largest for the mining sector, followed by the

agriculture sector and then by manufacturing. Of note, port depth no longer is a significant

determinant of international trade in services.

16Hummels (2007) also discusses the cost advantages of containerized shipping relative to break-bulk (i.e.,
non-containerized) shipping, with the former most commonly used for manufactured goods while the latter
is most commonly used for agricultural and mining goods.
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Table 2.6 Deepest Port Depth, Four Sectors
(1) (2) (3) (4)

SECTOR Manuf. Agr. Mining Services
VARIABLES Exports Exports Exports Exports

Log distance -0.741*** -1.097*** -0.963*** -0.452***
(0.0483) (0.0696) (0.111) (0.0604)

Contiguity 0.487*** 0.443** -0.147 0.517***
(0.0978) (0.185) (0.197) (0.125)

Common language 0.243*** 0.514*** 0.354* 0.380***
(0.0693) (0.125) (0.197) (0.0885)

Colony pair 0.198** -0.187 0.712*** 0.516***
(0.0994) (0.181) (0.208) (0.149)

PTA 0.225*** 0.133 0.931*** 0.244**
(0.0790) (0.108) (0.168) (0.0970)

Border (B) -3.802*** -6.046*** -6.729*** -6.044***
(0.235) (0.299) (0.474) (0.226)

B*Deepest cargo port depth 0.0120*** 0.0335*** 0.0291*** 0.00479**
(0.00280) (0.00428) (0.00704) (0.00209)

Constant 18.56*** 18.67*** 18.95*** 17.91***
(0.315) (0.460) (0.740) (0.389)

Observations 105,243 104,543 51,951 18,409
Pseudo R2 0.984 0.981 0.977 0.996

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019; data trimmed on

exporter side; 123 (238) exporter (importer) countries in column (1); 161 (200) exporter (importer) countries

in column (2); 95 (236) exporter (importer) countries in column (3); 96 (208) exporter (importer) countries

in column (4).
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Table 2.7 Deepest Port Depth and Number of Deepest Ports, Four Sectors
(1) (2) (3) (4)

SECTOR Manuf. Agr. Mining Services
VARIABLES Exports Exports Exports Exports

Log distance -0.747*** -1.108*** -0.943*** -0.434***
(0.0496) (0.0672) (0.108) (0.0608)

Contiguity 0.495*** 0.476*** -0.126 0.531***
(0.0979) (0.183) (0.193) (0.127)

Common language 0.169** 0.405*** 0.421** 0.325***
(0.0798) (0.115) (0.199) (0.0913)

Colony pair 0.225** -0.137 0.660*** 0.544***
(0.0956) (0.176) (0.206) (0.148)

PTA 0.273*** 0.145 0.904*** 0.356***
(0.0720) (0.102) (0.167) (0.0847)

Border (B) -3.921*** -6.457*** -6.498*** -6.259***
(0.239) (0.359) (0.454) (0.227)

B*Deepest cargo port depth 0.00820*** 0.0314*** 0.0333*** -0.00116
(0.00291) (0.00419) (0.00805) (0.00293)

B*Num port w/max c.depth 0.313** 0.496*** -0.443 0.446***
(0.123) (0.101) (0.357) (0.151)

Constant 18.60*** 18.73*** 18.82*** 17.79***
(0.324) (0.444) (0.719) (0.392)

Observations 105,243 104,543 51,951 18,409
Pseudo R2 0.984 0.981 0.977 0.996

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019; data trimmed on

exporter side; 123 (238) exporter (importer) countries in column (1); 161 (200) exporter (importer) countries

in column (2); 95 (236) exporter (importer) countries in column (3); 96 (208) exporter (importer) countries

in column (4).
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To further explore the weak port depth effect for services at the sector level, we isolate

specific services industries that might be directly related to international trade in goods,

and therefore more likely to be impacted by port depth. Of the 17 industries included

under the services sector in the ITPD-E data, transport, travel and trade-related services

seem mostly likely to be impacted by port depth. “Transport” includes transportation and

storage services, “travel” includes accommodation and food service activities (presumably

including cruise activities), and “trade-related” includes wholesale and retail trade, and

repair of motor vehicles and motorcycles. Columns (1) to (3) of Table 2.8 present estimation

results for deepest port depth for these three services industries, and column (4) aggregates

the remaining services industries into “Other services”. Countries’ deepest port depth is

a positive and significant determinant only for trade in transport services, while it is an

insignificant determinant of trade in travel, trade-related and other services. However, when

we add the number of deepest cargo ports to the estimating equation, our results for the port

depth coefficient change across the services industries, as shown in Table 2.9. Port depth

becomes an insignificant determinant of trade in three out of the four services industries,

while it produces a negative and significant coefficient for trade in travel services. We

interpret the instability of our results for the significance of port depth for various services

industries to be reassuring that the deepest port depth variable is not capturing the effects

of unobservable country-specific factors that impact trade in all sectors and industries. We

expect that ports matter much more for trade in commodities relative to trade in services,

which we find in our results.

Thus far, our robustness checks have shown that a country’s deepest port depth is

an even stronger determinant of trade in agriculture and mining goods, compared to our

benchmark results for manufactured goods, while it plays no consistent role in determining

trade in services. Based on these results, we repeat the analyses in Tables 2.2 and 2.3 for

agriculture and mining goods. Table A.10 presents results for having at least one port deeper

than various cutoff depths for agricultural goods trade, and Table A.11 shows comparable

estimation results for mining goods trade. For both types of goods, the coefficients on
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Table 2.8 Deepest Port Depth, Various Services Industries
(1) (2) (3) (4)

INDUSTRY Transportation Travel Trade-rel. Other services
VARIABLES Exports Exports Exports Exports

Log distance -0.279*** -0.706*** -0.327*** -0.423***
(0.0838) (0.0622) (0.111) (0.0701)

Contiguity 0.682*** 0.608*** 0.748*** 0.417***
(0.151) (0.139) (0.223) (0.154)

Common language 0.311*** 0.483*** 0.233 0.389***
(0.0915) (0.105) (0.159) (0.120)

Colony pair 0.379*** 0.524*** 0.160 0.636***
(0.141) (0.149) (0.292) (0.178)

PTA 0.203** 0.368*** 0.896*** 0.207*
(0.104) (0.127) (0.189) (0.118)

Border (B) -5.524*** -3.558*** -8.803*** -6.176***
(0.264) (0.271) (0.413) (0.289)

B*Deepest cargo port depth 0.00751*** -0.00459 -0.000566 0.00358
(0.00234) (0.00282) (0.00422) (0.00294)

Constant 13.95*** 16.52*** 15.36*** 17.44***
(0.528) (0.403) (0.701) (0.455)

Observations 15,984 11,117 11,391 17,493
Pseudo R2 0.983 0.984 0.999 0.996

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019; data trimmed on

exporter side; 83 (176) exporter (importer) countries in col(1); 89 (156) exporter (importer) countries in

col(2); 66 (87) exporter (importer) countries in col(3); 96 (203) exporter (importer) countries in col(4).
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Table 2.9 Deepest Port Depth and Number of Deepest Ports, Various Services Industries

(1) (2) (3) (4)
INDUSTRY Transportation Travel Trade-rel. Other services
VARIABLES Exports Exports Exports Exports

Log distance -0.263*** -0.654*** -0.347*** -0.409***
(0.0855) (0.0610) (0.106) (0.0699)

Contiguity 0.694*** 0.669*** 0.731*** 0.429***
(0.154) (0.138) (0.216) (0.157)

Common language 0.258*** 0.350*** 0.296* 0.345***
(0.0924) (0.107) (0.158) (0.124)

Colony pair 0.394*** 0.630*** 0.107 0.658***
(0.138) (0.147) (0.283) (0.177)

PTA 0.299*** 0.623*** 0.730*** 0.301***
(0.0969) (0.115) (0.175) (0.106)

Border (B) -5.732*** -3.964*** -8.498*** -6.355***
(0.284) (0.254) (0.388) (0.286)

B*Deepest cargo port depth 0.00194 -0.0169*** 0.0104 -0.00138
(0.00320) (0.00369) (0.00637) (0.00409)

B*Num port w/max c.depth 0.433** 0.839*** -0.787** 0.371*
(0.181) (0.171) (0.358) (0.192)

Constant 13.85*** 16.18*** 15.48*** 17.35***
(0.538) (0.396) (0.672) (0.454)

Observations 15,984 11,117 11,391 17,493
Pseudo R2 0.983 0.985 0.999 0.996

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019; data trimmed on

exporter side; 83 (176) exporter (importer) countries in col(1); 89 (156) exporter (importer) countries in

col(2); 66 (87) exporter (importer) countries in col(3); 96 (203) exporter (importer) countries in col(4).
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each cutoff depth are positive, significant and larger in magnitude than those found for

manufactured goods. For agriculture goods, the coefficient on having at least one port

21 feet or deeper is the largest in magnitude, followed by the coefficient on 41 feet. For

mining goods, the coefficient on having at least one port 41 feet or deeper is the largest in

magnitude, just as we found for manufactured goods. Having at least one port capable of

hosting Panamax ships (i.e., minimum of 41 foot depth) was previously found to correspond

with 195.6 percent more manufactured goods trade, while it corresponds with 363.7 percent

more mining goods trade and 381.6 percent more agriculture goods trade.

Tables A.12 and A.13 replicate the estimation in Table 2.3 for agriculture and mining

goods trade, respectively. Our estimation results of the effects of having more than one port

deeper than various cutoff depths for agriculture goods simply amplify our results presented

previously for manufactured goods. As shown in Table A.12, the coefficients on having

more than one port deeper than various cutoffs are all positive, significant and increasing

in magnitude, similar to our finding for manufactured goods. Having an additional port

at least 61 feet deep is associated with 49.6 percent more trade in agriculture goods, while

it was found to correspond with 13.1 percent more manufactured goods trade. The larger

coefficient on agriculture goods as compared to the manufactured goods could be because

dry bulk and liquid bulk carriers require deeper ports than container ships. Bulk carriers

have larger draft than containership on average. For a 1,000 TEU containership, the average

draft is 27.2 feet. For an Ultra Large Container Vessel that has a capacity of more than

14,500 TEU, draft is about 49.8 feet.17 On the other hand, Very Large Bulk Carrier has

more than 65.6 feet draft.18

The results for having more than one port deeper than various cutoff depths are less

consistent for mining goods trade, as shown in Table A.13. The coefficients on having more

than one port deeper than our various cutoff depths are all insignificant for the mining

sector. The inconsistent results for mining might reflect our use of cargo port depth as our

17https://transportgeography.org/contents/chapter5/maritime-transportation/draft-containership-
capacity/

18https://bulkcarrierguide.com/size-range.html
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key variable, not oil port depth. As noted previously in Section 2.3.1, we use cargo port

depth rather than oil terminal port depth as our primary indicator of port depth due to the

many missing observations for the latter in the WPI (2019) data.

Lastly, we address the issue of the importance of properly matching international trade

observations with domestic trade observations in order to estimate the trade effects of

country-specific characteristics such as port access. For our untrimmed sample, we do

not trim the ITPD-E data to drop international trade observations that are not matched

by domestic trade observations at the industry level. To maintain consistency with our

benchmark estimates based on trimmed exporter-side data, we limit our untrimmed sample

to the same 123 exporters for manufactured goods trade as in our benchmark estimates.

Holding the exporting countries constant allows us to isolate the effects of allowing missing

values of domestic trade at the industry level to be treated as if those values are zeroes.

Table A.14 repeats our estimate of the influence of port depth on bilateral trade using 123

exporters that have some domestic trade observations at the industry level. By under-

reporting domestic trade observations in the estimates shown in Table A.14, we find that

the coefficients on border and port depth are smaller than those reported in Table 2.1 in

columns (2)−(4) using trimmed data. An additonal 10 feet of maximum cargo port depth is

associated with 7.1 to 8.2 percent more manufactured goods trade based on the untrimmed

sample, while it is associated with 8.2 to 12.1 percent more trade in our benchmark results.

We also fail to find a significant coefficient on the number of ports with maximum port

depth using the untrimmed data, as shown in columns (3) and (4) of Table A.14.

Using the untrimmed sample, Tables A.15 and A.16 repeat our benchmark estimations

shown in Tables 2.2 and 2.3, respectively. A similar pattern emerges in which the estimates

of the magnitude of the trade effects of having at least one port deeper than various cutoff

depths and of having numerous ports deeper than various cutoff depths are smaller, and

occasionally not significant, when using untrimmed data. Careful use of the ITDP-E data

is required in order to properly identify the international trade effects of country-specific

characteristics using the structural gravity model. This task requires the use of matched
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domestic and international trade observations in order to estimate the effects of a country-

specific variable such as port depth on international trade relative to domestic trade, while

using exporter-year and importer-year fixed effects.

2.5 Conclusion

Our results demonstrate that countries with at least one port capable of hosting a Panamax

ship (i.e., port depth of at least 41 feet) trade tremendously more (e.g., 163.0 to 174.8 percent

more manufactured goods) than countries without such ports. Ten additional feet of port

depth is estimated to increase a country’s international trade in manufactured goods by

8.2 to 12.7 percent, in mining goods by 29.5 to 33.9 percent, and in agricultural goods by

31.9 to 34.1 percent. Reassuring, port depth does not appear to be a strong determinant

of trade in services, especially when we explored its effect on individual service industries.

For trade in commodities, having more ports at deeper cutoff depths is shown to be an

additional trade facilitator and most of our trade elasticities become even larger when we

exclude landlocked countries from our sample.
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Chapter 3

Impact of Solar PV and weather on the residential

electricity consumption in Hawai‘i: Estimation

with Conditional Demand Analysis1

Abstract

We apply Conditional Demand Analysis on the 2019 Hawai‘i Residential Energy Survey

piloted by Hawaiian Electric to estimate the impact of solar photovoltaics (PV) and weather

on the end use electricity consumption by residential households in Hawai‘i. Hawai‘i

has a high penetration of distributed solar PV and this study checks how electricity

consumption in various households differs with and without photovoltaic systems. We

find that households with PV have more electric appliances and higher gross electricity

usage than those without PV. Electricity usage by households with PV is more sensitive to

weather than the usage by households without PV.

1This chapter is based on a joint project with Nori Tarui
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3.1 Introduction

Estimates of end-use energy consumption are indispensable to formulate policies to

encourage energy conservation. Data on end use consumption and behavior are very

important for policymakers to develop policies to encourage residential energy conservation,

such as incentives for homeowners to replace old appliances with more energy-efficient

models. Numerous studies (Newsham and Donnelly (2013), Onuma et al. (2020), Papineau

et al. (2021)) have indicated that making changes in appliances, home construction methods

and consumer behavior could result in less electricity energy usage. On the other hand, end-

use energy estimates could also help in the global objective of lowering carbon emissions by

making a shift towards large scale electrification, where electricity is generated from clean

energy, i.e. renewable sources.

Residential energy demand can be estimated by different methods such as sub-metering

and engineering. However, these methods are limited due to the high implementation costs

and the need to make reasonable assumptions about appliance usage. This paper uses a

statistical method, known as Conditional Demand Analysis (CDA). CDA is a regression-

based analysis that makes it possible to break down the total household demand of electricity

into component demand functions, each of which corresponds to a specific appliance. This

study discusses the CDA conducted on a residential appliance saturation survey piloted by

the Hawaiian Electric Company.

Numerous studies have explored the different aspects of end use electricity consumption

using CDA. One of the first studies that estimated the demand functions for electricity

through various appliances in San Diego County was Parti and Parti (1980). Using

demographic and appliance ownership and energy consumption information, they conduct

monthly level conditional demand regression analyses. They also check the breakdown

of price conservation effects by appliance category and income level and find that the

average amount of price-induced conservation tends to increase with income. Newsham

and Donnelly (2013) estimate the average annual use of various electrical and natural gas
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appliances using the 2007 administration of the Households and the Environment Survey

in 9773 Canadian households. Their results indicate that the newer models of electronic

appliances use less energy than the older models; thus, upgrading appliances help to reduce

electricity consumption.

Matsumoto (2016) applied a two-step process to estimate the effect of households’ socio-

economic variables on electricity consumption after controlling for appliance ownership. The

author used micro-level data from the Nation Survey of Family and Expenditure, 2004 in

Japan and conducted regressions to break down total household electricity consumption into

a set of demand functions for electricity usage, across 12 appliance categories. Presence of

teenagers (aged 10–19) increased the intensity of AC and dishwasher usage; higher-income

households used ACs less frequently; increase in the husband’s income reduced microwave

usage, while an increase in the wife’s income did not have any effect. On a different study,

Tiedemann (2007) used the data of 2004 Residential End-Use Survey to estimate residential

energy use and energy savings using CDA. The author used ordinary least squares and the

regression coefficients were used to calculate unit energy consumption values for major

residential end-uses. As per the study, the largest end-uses were primary electric space

heating and electric water heating. Major conservation measures included insulation and

draft proofing (1,649 kWh per year), energy efficient windows (618 kWh per year), low flow

shower heads (256 kWh per year) and water heater blankets (616 kWh per year).

The use of solar photovoltaics (PV) is associated with environmental benefits like the

production of clean energy. As per the report by the Carbon Tracker and the Grantham

Institute, solar PV are meant to play a major role in decarbonization by being the provider of

zero carbon electricity. Deng and Newton (2017) study the impact of solar PV on domestic

electricity consumption in 4819 households in Sydney using billing data for the period of

2007-2014 implementing a dynamic panel model. They conclude that solar households

generate up to 40 percent of their total electricity consumption and they have higher level

of electricity consumption than households without PV.
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This study makes several contributions to the existing literature in CDA studies. The

most important aspect of this study is the inclusion of households with solar PV. Residential

energy use has been changing over time due to investment in energy efficiency including solar

photovoltaic, electric vehicles, and battery. According to NREL’s H2 2020 Solar Industry

Update, solar generation in Hawai‘i is one of the largest in the United States, with 16.5

percent of the total electricity generated from solar (Figure 3.1). There are relatively few

studies that address how electricity usage differs for households with PV using CDA and

as such this study proposes to fill the void in literature. Secondly, as CDA permits, we

study the effects of socio-economic characteristics like the number of household members

and income and also the impact of weather on residential energy consumption. Further, we

conduct CDA in various household settings like single family versus multifamily households

in the different islands of Hawai‘i, which enables us to address the heterogeneity in the

sample. We have several relevant findings through this study. Households with solar PV

have larger gross electricity usage than the households without solar PV. Also, electricity

usage by households with PV are more sensitive to weather than the usage by households

without PV.

The chapter is further organized as follows. Section 3.2 gives details on the data

and methodology used. Section 3.3 presents the estimation results which is followed by

conclusions in Section 3.4.

3.2 Data and Methodology

The sample data used in this study is based on the 2019 Hawaii Residential Energy Use

Survey conducted by Hawaiian Electric, Maui Electric and Hawaii Electric Light Companies.

The dataset comprises of survey questionnaire and monthly billing data from December 2017

to August 2019. The survey consists of questions on appliance ownership, appliance usage

along with occupant characteristics. The dataset consists of around 2,992 households over

the five islands in Hawai‘i, namely O‘ahu, Maui, Lanai, Molokai and Hawai‘i Islands. The
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survey was not designed to oversample households with any specific attributes. However, the

survey received disproportionately more responses from households with senior household

heads. We first apply sampling weights based on the household head and the island of

residence (Table 3.1)and then based on households with and without solar PV (Table 3.2).

In order to check the impact of weather on residential energy consumption, we have

the average hourly temperature, average heat index and sum of the cooling degree days

(CDD) for the billing period for the seven weather stations across the islands. CDD is the

number of degrees that a day’s average temperature is greater than 65 F and thus measures

the demand for energy required to cool buildings. On energy usage, the survey comprises

of data on the billed energy of households. The net energy is calculated by taking the

difference between the energy that has been supplied by the Hawaiian Grid and the energy

that Hawai‘i Electric has received from customers’ PV.

We estimate three main models of CDA with variations in terms of socio-economic

characteristics and weather. We start with the model that contains only the appliances as

independent variables. This is the basic CDA model with no household characteristics. We

gradually add other variables in the consecutive models. All the models are estimated for

different household groups based on whether they are single family or multiple family and

whether they have solar PV or not.

Model 1

Eit = β0 +
J∑

j=1

βjAPLij + εit. (3.1)

The left-hand side Eit is household i’s average daily gross electricity consumption in

billing cycle t. The gross electricity is the summation of net energy and PV production.

Net energy is the difference between the energy that has been supplied by Hawaiian Electric

and the energy that Hawaiian Electric has received from the customer’s PV system. PV

energy output is estimated by Hawaiian Electric staff based on the PV system size of each

household and the weather conditions including local solar irradiance and temperature.
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Both these variables are measured in kWh. The daily value is calculated by dividing the

estimated actual energy use by the number of billing days in a billing period. We use

the average daily gross electricity consumption values because the billing cycle length is

different for various households, which would pose difficulties to get monthly values.

APLij is a dummy variable with value either 0 or 1 that represents the ownership

of appliance j in household i. For appliances like window AC units, split ac units, laptop

computers, desktop computers, mobile phones, small TV units, large TV units and lighting,

APLij represents the number of units of appliance j owned by household i. εit is the error

term. We consider J appliances (or the number of distinct end use) in our analysis.

The coefficients of interest are βj , j = 1, . . . , J . The ordinary least squares (OLS)

estimates of β̂j represents the daily energy usage associated with appliance j. For all

regressions, we cluster standard errors at the household level in order to allow for serial

correlation of errors within the time-series observations of each household. The OLS

estimates β̂j , j = 1, . . . , J represent the unit energy consumption of the appliances.

As for the lighting variables, we separated the number of units or light bulbs by the

type (LED, non-LED except for halogen, and halogen) and by the location (inside or

outside the house). We first attempted the linear specification as in equation (3.1). As

the reported number of light bulbs varies substantially across households, with many

zeros, small numbers, and large numbers (sometimes exceeding 80), we also estimated

the model by converting the response to categorical variables (0, 1-4, 5-9, 10 or more).

Neither specification generates statistically significant estimates. As another alternative,

we estimated the model with fractional polynomial regression. Specifically, for each of the

lighting variables (LED inside, LED outside, non-LED inside, non-LED outside, halogen

inside, halogen outside), we considered two polynomial terms:

γL1L
a
k + γL2L

b
k
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where Lk is the number of units of lighting type k. The exponents a and b are chosen among

-3, -2, -1, 0 (i.e., natural log), 1, 2, 3 to best fit the model. The results reported in the

following section are based on the fractional polynomial regression.2

Model 2

The second model adds several different interactions in the first model. The cooling

appliances are interacted with the weather variable, either CDD or temperature bins while

the major appliances are interacted with the number of household members.

Eit = β0 +

J∑
j=1

βjAPLij +
∑
k∈K

βWk (APLik ∗Wit) +
∑
m∈M

βCm(APLim ∗Xi) + εit. (3.3)

In this specification, Wit represents the weather condition of household i in billing cycle

t, K the set of appliances whose usage may depend on the weather condition, Xi time-

invariant household characteristics, and M the set of appliances whose usage may depend

on the household characteristics. Here K consists of AC appliances while M includes water

heaters, kitchen appliances, washing appliances, and lighting variables.

For the weather variables, we use CDD in one variation and binned temperature variables

in the other variation. The CDD approach assumes that the usage changes are proportional

to the average temperature increase. However, in order to capture the nonlinear effects of

weather on energy usage, we need to use the temperature bin approach. We divide the

temperature range into decile and then calculate the total number of days that fall in

each temperature decile. As for the household characteristics, we consider the number

of household members who live in the residence. The survey collects information about

other household characteristics such as the household income levels and the educational

2Given OLS estimates γ̂’s the unit energy consumption estimate for lighting type k is given by
γ̂L1L̄

a
k + γL2L̄

b
k if a ̸= 0, b ̸= 0, a ̸= b,

γ̂L1L̄
a
k + γL2 ln(L̄k) if a ̸= 0, b = 0,

γ̂L1L̄
a
k + γL2L̄

b
k ln(L̄k) if a = b ̸= 0.

(3.2)
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attainment of the household head. We assume that the factors other than the household

size is mediated by the appliance ownership.

Based on Model 2, the unit energy consumption (UEC) for appliance j is given by

UECj = β̂j + β̂Wj W̄t + β̂Cj X̄, (3.4)

i.e., evaluated at the mean CDD and the average number of household members.

Model 3

The third model shows deviations from means of household characteristics. The

specification follows Larsen and Nesbakken (2004) and Matsumoto (2016). These household

variables are defined as deviation from the mean value for those households possessing the

appliances.

Eit = β0 +

J∑
j=1

βjAPLij +

J∑
j=1

L∑
l=1

γil
[(
Cil − Cjl

)
APLij

]
+ εit. (3.5)

The variable Cil represents the lth characteristics of household i while Cjl is the mean

characteristics of the households that own appliance j. We take into account the household

size and the cooling degree days (CDD) as the household characteristics. The OLS estimate

β̂j represents the average unit energy consumption for the sample used for regressions. The

OLS estimate γ̂jl represents the change in the unit energy consumption for the household

group that has appliance j associated with a unit increase in characteristics j (either the

household size or CDD).

3.3 Estimation Results and Analysis

3.3.1 Summary Statistics

We perform empirical analysis in around 2,992 sample households with monthly electric

usage observations for about 19 months. The vast majority of sample households (93%) are
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from O‘ahu. Majority of the respondent households (51%) belong to single family without

PV ownership followed by single family with PV ownership. Multifamily households who

have PV are just 0.2% of the sample, which is too small for statistical analysis and as such

we don’t show their results.

Table 3.3 shows the average electricity usage by household type and PV ownership.

The average monthly gross electricity usage differs across these sub-sample. The whole

sample average daily usage is 19.3 kWh, a figure that exceeds the state average residential

consumption (about 16.5kWh in 2018, Hawai‘i Energy Facts & Figures). The disparity is

due to the difference between gross and net load and possibly due to sampling bias. Among

single-family households, the average monthly usage is 564kWh for those without PV and

776kWh for those with PV.

Table 3.5 shows the summary statistics for the whole sample. Around 78 percent of the

households are homeowners, i.e. households that answered they own the home in the survey.

We start with the summary of the number of various appliances used in households. The

major group of appliances used are water heater, refrigerators and freezers, air conditioning

and fans, kitchen appliances, laundry appliances, lighting and other electronic devices.

On average, each household has 0.67 units of window AC and 0.39 units of split AC. 70%

(74%) of households are equipped with at least one ceiling fan (portable fan). About 38% of

households have window AC, which is greater than households with either split or central

AC. Solar water heaters are used in 24% of the sample households. We observe quite a

large variation in the number of each type of lighting units owned. As discussed later, the

lighting variables (including the count of the number of LED and non-LED light bulbs)

may be associated with a larger degree of measurement errors than the ownership of other

appliances, for which the subjects answered more simply whether they own the appliance

or not (or whether they have one, two, three or more units). In terms of electric appliances,

86% of the sample households have mobile phones, 79% have small TV while 48% have

large TV.
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Table 3.6 shows the difference between single family households and multi-family

households without PV. Households in multi-family housing tend to consume less electricity.

While single-family households have higher saturation of split AC and ceiling fan, multi-

family households’ average number of window AC units is higher. Overall, in terms of

cooling appliances, both single and multi-family households have the highest saturation of

portable fans. Single family households have higher saturation of solar water heater and

only about 1 percent of either of the households possess an electric vehicle.

3.3.2 CDA Results

We present the regression results of CDA analysis Model 1 in Table 3.7 and Model 2 in

Table 3.8. In both of these tables, Columns 1 and 2 depict the regression results of a single-

family household without and with PV respectively while Column 3 reflects multi-family

households without PV. We consider the appliances (microwave, electric range, electric oven,

electric stove top, electric dryer, washer and dishwasher) as not owned by the households

if they are rarely used in the households. This information is taken from the survey, which

asks the question on how frequently appliances are used.

Table 3.7 shows that, for single-family households without PV, a unit of window AC is

associated with 1.95kWh usage per day while it is associated with 1.27kWh for single-family

households with PV; and 1.61kWh for multi- family households without PV. Central AC

is associated with significantly larger Unit Energy Consumption (UEC). The estimates for

fan are not statistically significant possibly because of their low energy requirements and

differences in fan utilization across households that the survey data does not capture. In

order to check the effect of lighting on electricity consumption, we separated the number

of units or light bulbs by the type (LED, non-LED except for halogen, and halogen) and

by the location (inside or outside the house). We first attempted the linear specification

as in equation (3.1). As the reported number of light bulbs varies substantially across

households, with many zeros, small numbers, and large numbers (sometimes exceeding 80),
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we also estimated the model by converting the response to categorical variables (0, 1-4, 5-9,

10 or more). Neither specification generates statistically significant estimates.

Appliances such as refrigerators that have high saturation cause multicollinearity

problem and hence makes it difficult to perform CDA analysis. Almost all the households

in our sample possess at least one refrigerator, thus making it difficult to estimate the

energy consumption of one refrigerator. We have estimated the energy consumption of

two refrigerators so that half the value provides the consumption of one refrigerator. Two

refrigerators is associated with 4.41kWh daily usage for single-family households without

PV; this estimate implies the electricity consumption of about 2.2kWh for one refrigerator.

The energy consumption associated with electric water heater is considerably higher

for households with PV. It could be that in households with PV, families may use hot

water more generously. The estimates on small and large TV are statistically significant.

A unit of large TV is associated with 2.06kWh usage per day for single family households

without PV, 3.5kWh for single-family households with PV; and 1.89kWh for multi- family

households without PV.

The estimates for the kitchen appliances (microwave, range, oven, stove top) are not

statistically significant. This may be due to heterogeneity in cooking habits, and hence

the intensity of the kitchen appliance usage, across households. Though we treat those

households that answer “the appliance is rarely used” as not having the appliance, such

behavioral differences are still likely to be present (e.g., cooking twice a week versus

everyday) and not captured in the survey.

Table 3.8 shows the results of Model 2 with interactions between cooling appliances and

CDD and other major appliances with the number of households. The estimates show that

in case of some appliances, their usage depends on the weather conditions. For example,

the estimated coefficient for window AC is not significant (even negative for single-family

households with PV). However, the interaction terms of window AC and CDD are positive

and significant for all three household groups. This result indicates that one degree increase

in CDD per day is associated with an increase in the usage of window AC for 0.18kWh
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(0.22kWh, 0.17kWh) per day for the single-family households without PV (single-family

with PV, multi-family without PV). Overall, the AC usage significantly depends on the

weather. The estimates for the usage of two/three or more refrigerators and small and large

TV are significant in Model 2. In case of electric water heater, solar water heater and electric

oven, the interaction with household size have made the estimates statistically significant.

In case of electric vehicles, the presence of an electric vehicle and charging station at home

leads to an increase of 6.1kWh per day for single-family households with PV and 7kWh for

multi-family household without PV. Comparison of R2 for Models 1 and 2 indicates that

the explanatory power improves substantially by adding interaction terms with household

size and CDD.

Unit Energy Consumption estimates

Table 3.9 and Table 3.10 show the annual energy consumption by the appliances for Model

1 and Model 2 respectively. UEC for Model 2 is estimated based on equation (3.4) and

are expressed in kWh/household. In both tables, the values are reported only when the

coefficients are statistically significant. These values are based entirely on the regression-

based CDA and not on engineering estimates. Table 3.9 shows that a single-family household

without PV consumes about 805 kWh annually on a refrigerator, which is higher than that

of a single family household with PV but less than a multi family household without PV. In

case of electric water heaters, single family households with PV consume about 3,454 kWh

annually, significantly higher than the other households. The UEC of an electric dryer for

both single family with PV and multi family without PV is about the same while the UEC

of a large TV for a single family with PV is about the double of a multi family household

without any PV.

Table 3.10 shows that the annual UEC for appliances as based on Model 2, which

takes into account the interaction of cooling appliances with the weather variable, CDD.

The UEC for a window AC evaluated at the average CDD is 755 kWh for a single family

household without PV, which is lower than that of a single family household with PV.
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This might indicate the behavioral difference that households with PV are more generous

in their electricity consumption. On the other hand, the UEC for single family households

without PV and multi family households without PV are much closer to each other in

Model 2. This may be because of the different Heating, Venting and Air Conditioning

(HVAC) needs in single family and multi family households. Multi family housing tends to

have limited ventilation which might require the intensive usage of AC to cool down the

room temperature, as opposed to single family housing, which may have more windows and

better ventilation/air circulation. The survey does not ask questions on either the intensity

or duration of appliances usage, so we are unable to estimate behavioral differences in the

different CDA models. However, the results indicate that responses to temperature may be

affected by the housing environment and HVAC needs.

Electricity consumption of three or more refrigerators in a multi family household

without PV is significantly higher than in single family households. Appliances such as

washer and dryer are only significant for the single family households without PV. In line

with the existing studies in Hawai‘i (Applied Energy Group 2020) and elsewhere, central

AC and water heaters are associated with large UEC. Electric vehicle usage is also large

for those households with PV. The UEC estimates from both the models make it clear

that household energy consumption behavior changes with the presence of a PV. Those

households with PV tend to be associated with a larger UEC for some appliances than

those without.

Table A.17 in the Appendix shows the results of Model 2 using temperature bins as the

weather variables. In this model, temperature bins are created by computing the deciles

from the maximum temperature and the number of days that fall in each bin is calculated.

These temperature bins are then interacted with the cooling appliances. An advantage

of the temperature-bin approach is that it can capture nonlinear effects of the impacts

of weather on energy usage (unlike the specification with CDD, which assumes the usage

changes are proportional to the average temperature increase).
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Overall, the CDA model specification with CDD (Table 3.8) performs as well as the the

specification with temperature bins (Table A.17). However, the temperature bin approach

also illustrates the possibly nonlinear dependence of AC usage on weather. Figure 3.2

describes the point estimates with 95% confidence intervals of the interaction of window

AC and split AC quantities with each temperature bin. The point estimates are not precise

(i.e., the confidence interval includes zero) for many temperature-bin interactions associated

with low temperature. However, the figure shows that the interaction of the temperature

bin and AC tends to be associated with larger unit consumption for the bins with higher

temperature. Many of these estimates, for the sixth decile and up, are statistically

significant. This indicates that, while a small increase in the average temperature may

not affect the AC usage when the average temperature is low, the AC usage may start

responding to temperature increase at higher temperature levels. The figure thus confirms

the dependence of AC usage on weather and hints at the nonlinear weather impacts.

Table A.18 in the Appendix shows the results of Model 3. Columns 1 and 2 show the

results for single family household without PV and with PV respectively while column 3

shows the results for multifamily household without PV. The variables “dvm” represent the

deviation from mean of the corresponding appliance ownership and household characteristics

(household size and CDD). Window AC coefficient estimates are significant with magnitudes

similar to Models 1 and 2. The UEC is not sensitive to the household size (except marginally

for single-family households with no PV) and to temperature. Split AC is significant for

single-family households–again, similar to the Model 1 result.

Overall, Model 2 captures the dependence of AC usage on temperature more significantly

than Model 3. The same applies to the effect of family size on electric water heater usage.

Both Models 2 and 3 demonstrate similar associations of kitchen appliance usage and the

household size. Electric range is used more intensively in larger single-family households

without PV. Similar observations apply to electric oven for multi-family households.
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3.3.3 Effect of income on electricity consumption

We use the self-reported annual household income data from the survey to conduct our

analyses. Figure 3.3 shows the effect of household income on electricity consumption. Higher

income is clearly associated with larger electricity consumption. We observe interesting

patterns between income and appliance ownership. Figure 3.4 shows that PV ownership

increases with an increase in household income. Households with an annual income of

greater than $150K have the highest share of solar PV. This finding is consistent with

literature. Borenstein (2017) asserts that households installing solar PV are relatively

affluent. The author uses 2007 to early 2014 residential data from Pacific Gas and Electric

utility in California and finds that the adoption of solar is significant among wealthy

households although the effect has begun to lessen after 2011. Barbose et al. (2018) analyze

PV data from residential systems in 13 US states and find that the median income of all

PV adopters in the sample is 17 percent higher than all owner-occupied households. In case

of AC, the ownership of split AC and central AC rise with the increase in income as shown

in Figure 3.5. Similar results hold true in case of solar heaters and refrigerators.

Table 3.11 shows the effect of interaction of income and cooling appliances on the

household electricity consumption. In single family high-income households without PV,

an increase in a unit of split AC increases daily electricity consumption by 1.65 kWh as

compared to 1.712 kWh in single family high-income households with PV. In case of single

family high-income households with PV, having a Central AC increases daily electricity

consumption by 9.75 kWh, while for a low-income household with PV, the daily electricity

consumption increases by about 7.5 kWh. Results indicate that having a PV and higher

income are positively related to higher electricity consumption. However, other factors like

the intensity and duration of use need to be taken in consideration.

3.3.4 Robustness check

We conduct robustness check for the survey respondents that are homeowners and those that

have Net Energy Metering (NEM) installed in their households. NEM is a program under
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which the excess energy produced by a rooftop PV system that is not instantly used by the

households is sent to the electric grid and credited to the customer’s account. Among the

survey households participating in a Distributed Energy Resources (DER) program, 90.3

percent of households have NEM. Table 3.12 shows these results. Columns 1, 2 and 3 show

the regression results of homeowners who are single family households without PV, single

family households with PV and multi family households without PV respectively. Column

4 shows the regression results for single family NEM customers. They are presented side

by side for comparison purpose.

Based on the results, for homeowners that have window AC, one degree increase in

CDD per day is associated with an increase in the usage for 0.2kWh (0.267kWh, 0.35kWh)

per day for the single-family households without PV (single-family with PV, multi-family

without PV). Column 4 of Table 3.12 shows the results for single-family households that

have PV and are participants of the NEM program. In such households, having a window

AC and a split AC is associated with decrease in daily electricity consumption by 2.01kWh

and 3.03kWh respectively. However, when interacted with CDD, the daily electricity

consumption increases by 0.346kWh. This means that in single-family households that have

PV and NEM and a window AC, one degree increase in CDD would result in an increase

in consumption by 0.346kWh. This shows that relative to all households, NEM households

tend to have larger kWh due to temperature increase than non-NEM households.

3.4 Conclusion

This study applies a CDA analysis based on residential energy survey and billing data basd

on the 2019 Hawai‘i Residential Energy Use Survey conducted by the electric utilities in

Hawai‘i. This paper is one of the first to evaluate how electricity usage by residential

households differs with the presence of solar photovoltaics using CDA. It also focuses

on “gross” usage which is important in areas with high PV penetration. We find that

households with PV have more electric appliances and higher gross electricity usage than
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those without PV for appliances such as ACs, heaters, etc. Electricity usage by households

with PV are also more sensitive to weather than the usage by households without PV. There

are some limitations to this study.

The findings suggest that households with solar PV are more generous in electricity

consumption than the households without solar PV. However, households with higher

electricity consumption might be more motivated to install solar PV in their houses. Thus,

we acknowledge the possibility of reverse causality in the study. One way to overcome this

could be with additional monthly billing data for households with and without PV for a

sample period so that we see both pre and post PV installations for the PV households.

Despite the limitations, the study suggests the use of CDA as an effective method to get

estimates on household energy usage while only relying on survey and billing data. The

method, coupled with smart meter data, could certainly be a very useful policy tool in

energy economics.
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Figure 3.1 Solar generation as percentage of total net generation. Source: NREL(2021) H2
2020 Solar Industry Update
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Figure 3.2 Sensitivity to Cooling Degree Days
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Table 3.1 Sampling Weights(1)
Age Oahu Hawaii Maui

1 18-34 4.34 7.78 5.94
2 35-64 1.04 1.35 1.4
3 65+ 0.55 0.64 0.64

Table 3.2 Sampling weights (2)
PV flag Universe Survey Weight

DER (PV) 21% 28.80% 0.73
Non-DER (PV) 79% 71.20% 1.11

Table 3.3 Average electricity usage by PV ownership
Daily Mean Monthly Mean Annual Mean

MF Non-PV 12.78 383.51 4666.01
MF PV 15.02 450.67 5483.20
SF Non-PV 18.81 564.35 6866.21
SF PV 25.86 775.90 9440.17
Skipped Non-PV 12.11 363.26 4419.69
Skipped PV 30.91 927.21 11281.03
Total 19.28 578.32 7036.26

Observations 58471 58471 58471
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Table 3.4 Households by PV ownership
Households Non-PV PV Total

MF 593 6 599
SF 1528 862 2390
Skipped 1 2 3
Total 2122 870 2992

Table 3.5: Descriptive statistics: All Households

mean sd min max

Daily kWh 18.75 11.71 0.00 100.12

Billed kWh 15.03 11.14 -26.23 87.67

Family size 3.04 1.90 1.00 19.00

Home owners 0.78 0.42 0.00 1.00

Window AC quantity 0.67 1.00 0.00 3.00

Window AC 0.38 0.49 0.00 1.00

Split AC quantity 0.39 0.91 0.00 3.00

Split AC 0.18 0.39 0.00 1.00

Central AC 0.09 0.28 0.00 1.00

Ceiling fan 0.70 0.46 0.00 1.00

Portable fan 0.74 0.44 0.00 1.00

Electric WH 0.55 0.50 0.00 1.00

Heat pump WH 0.01 0.09 0.00 1.00

Solar WH 0.24 0.42 0.00 1.00

1 fridge or more 0.99 0.11 0.00 1.00

1 fridge 0.72 0.45 0.00 1.00

No fridge 0.01 0.11 0.00 1.00

First fridge old 0.05 0.22 0.00 1.00

Two fridge or more 0.27 0.45 0.00 1.00

Second fridge old 0.03 0.18 0.00 1.00

Three fridge or more 0.04 0.19 0.00 1.00

Third fridge old 0.00 0.06 0.00 1.00

One freezer 0.30 0.46 0.00 1.00

Two freezers 0.04 0.20 0.00 1.00

First freezer old 0.03 0.16 0.00 1.00
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Second freezer old 0.00 0.03 0.00 1.00

Ice machine 0.06 0.23 0.00 1.00

Wine cooler 0.06 0.23 0.00 1.00

Microwave 0.89 0.31 0.00 1.00

Electric range 0.74 0.44 0.00 1.00

Electric oven 0.06 0.24 0.00 1.00

Electric stovetop 0.09 0.28 0.00 1.00

Electric dryer 0.69 0.46 0.00 1.00

Washer 0.15 0.36 0.00 1.00

Dishwahser 0.24 0.43 0.00 1.00

Hot tub spa 0.07 0.26 0.00 1.00

Laptop quantity 1.12 0.95 0.00 3.00

Laptop 0.70 0.46 0.00 1.00

Desktop quantity 0.57 0.73 0.00 3.00

Desktop 0.45 0.50 0.00 1.00

Printer quantity 0.78 0.64 0.00 3.00

Printer 0.67 0.47 0.00 1.00

Mobile phones quantity 2.04 1.09 0.00 3.00

Mobile phone 0.86 0.34 0.00 1.00

Small TV quantity 1.34 0.98 0.00 3.00

Small TV 0.79 0.41 0.00 1.00

Large TV quantity 0.65 0.79 0.00 3.00

Large TV 0.48 0.50 0.00 1.00

LED inside 3.98 4.44 0.00 10.00

LED outside 0.69 1.45 0.00 5.00

Non-LED inside 5.43 7.45 0.00 41.00

Non-LED outside 0.58 1.23 0.00 5.00

Halogen inside 2.36 4.80 0.00 35.00

Halogen outside 0.34 0.99 0.00 5.00

Electric vehicle 0.03 0.16 0.00 1.00

EV charging at home 0.31 0.46 0.00 1.00

Observations 2992
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Table 3.6: Appliance ownership of single and multi family households

without PV

SF MF Difference

mean sd mean sd ∆ t

Daily kWh 18.85 10.53 12.86 8.03 -5.99∗∗∗ (-14.43)

Billed kWh 18.85 10.53 12.86 8.03 -5.99∗∗∗ (-14.43)

Family size 3.16 1.85 2.36 1.47 -0.73∗∗∗ (-9.30)

Window AC quantity 0.59 0.95 0.78 1.01 0.09∗ (2.04)

Window AC 0.34 0.47 0.45 0.50 0.09∗∗∗ (3.69)

Split AC quantity 0.30 0.80 0.15 0.56 -0.18∗∗∗ (-5.83)

Split AC 0.14 0.35 0.08 0.27 -0.08∗∗∗ (-5.63)

Central AC 0.07 0.26 0.07 0.26 0.02 (1.61)

Ceiling fan 0.71 0.46 0.58 0.49 -0.15∗∗∗ (-6.21)

Portable fan 0.74 0.44 0.77 0.42 0.02 (0.96)

Electric water heater 0.60 0.49 0.55 0.50 -0.00 (-0.20)

Heat pump water heater 0.01 0.09 0.01 0.10 -0.00 (-0.43)

water heater no response 0.03 0.18 0.34 0.47 0.28∗∗∗ (14.25)

Solar water heater 0.24 0.43 0.02 0.14 -0.22∗∗∗ (-18.04)

1 fridge or more 0.99 0.11 0.99 0.11 -0.00 (-0.19)

1 fridge 0.69 0.46 0.94 0.24 0.28∗∗∗ (17.24)

No fridge 0.01 0.11 0.01 0.11 0.00 (0.19)

First fridge old 0.05 0.21 0.07 0.26 0.05∗∗∗ (3.53)

Two fridge or more 0.30 0.46 0.05 0.22 -0.28∗∗∗ (-17.83)

Second fridge old 0.04 0.20 0.00 0.05 -0.05∗∗∗ (-7.86)

Three fridge or more 0.03 0.18 0.01 0.10 -0.03∗∗∗ (-4.20)

Third fridge old 0.00 0.07 0.00 0.00 -0.00∗∗ (-2.65)

One freezer 0.33 0.47 0.18 0.38 -0.15∗∗∗ (-7.70)

Two freezers 0.04 0.20 0.02 0.13 -0.02∗∗ (-3.24)

First freezer old 0.03 0.17 0.02 0.13 -0.01 (-1.58)

Second freezer old 0.00 0.05 0.00 0.00 -0.00∗ (-2.24)

Ice machine 0.06 0.24 0.04 0.20 -0.02∗ (-2.11)

Wine cooler 0.05 0.22 0.03 0.17 -0.01 (-1.39)

Microwave 0.89 0.31 0.85 0.36 -0.03∗ (-1.97)

Electric range 0.71 0.45 0.80 0.40 0.10∗∗∗ (4.78)
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Electric oven 0.07 0.25 0.03 0.17 -0.03∗∗ (-2.91)

Electric stovetop 0.09 0.29 0.05 0.22 -0.03∗ (-2.20)

Electric dryer 0.71 0.46 0.54 0.50 -0.09∗∗∗ (-3.83)

Washer 0.19 0.39 0.10 0.31 -0.10∗∗∗ (-6.01)

Dishwahser 0.22 0.41 0.19 0.40 -0.01 (-0.64)

Range no response 0.09 0.29 0.03 0.18 -0.04∗∗∗ (-3.68)

Oven no response 0.88 0.33 0.94 0.24 0.05∗∗∗ (3.64)

Stovetop no response 0.88 0.33 0.94 0.23 0.05∗∗∗ (3.33)

Dryer no response 0.16 0.37 0.37 0.48 0.17∗∗∗ (7.77)

Hot tub spa 0.04 0.19 0.15 0.35 0.13∗∗∗ (8.04)

Laptop quantity 1.10 0.96 0.96 0.85 -0.10∗ (-2.28)

Laptop 0.70 0.46 0.66 0.47 -0.02 (-0.69)

Desktop quantity 0.53 0.71 0.46 0.69 -0.11∗∗∗ (-3.51)

Desktop 0.43 0.49 0.36 0.48 -0.09∗∗∗ (-3.79)

Printer quantity 0.77 0.64 0.58 0.59 -0.14∗∗∗ (-4.76)

Printer 0.67 0.47 0.53 0.50 -0.10∗∗∗ (-4.14)

Mobile phones quantity 2.03 1.10 1.84 1.09 -0.18∗∗∗ (-3.35)

Mobile phone 0.85 0.36 0.86 0.35 0.01 (0.26)

Small TV quantity 1.37 0.99 1.16 0.84 -0.27∗∗∗ (-6.28)

Small TV 0.79 0.41 0.79 0.41 -0.02 (-1.21)

Large TV quantity 0.66 0.78 0.39 0.58 -0.22∗∗∗ (-7.11)

Large TV 0.49 0.50 0.35 0.48 -0.13∗∗∗ (-5.78)

LED inside 3.79 4.38 3.19 4.08 -0.75∗∗∗ (-3.82)

LED outside 0.74 1.48 0.18 0.51 -0.56∗∗∗ (-13.10)

Non-LED inside 5.71 7.31 3.26 4.88 -2.27∗∗∗ (-8.18)

Non-LED outside 0.67 1.28 0.21 0.57 -0.42∗∗∗ (-10.91)

Halogen inside 2.58 4.94 1.44 2.76 -1.16∗∗∗ (-6.55)

Halogen outside 0.39 1.07 0.13 0.34 -0.33∗∗∗ (-10.66)

LED no response 0.10 0.30 0.10 0.31 -0.01 (-0.82)

Non-LED no response 0.10 0.30 0.10 0.31 -0.01 (-0.82)

Electric vehicle 0.01 0.12 0.01 0.09 -0.01 (-0.94)

EV charging at home 0.32 0.47 0.16 0.36 -0.20∗∗∗ (-11.52)

Observations 1528 593 2121
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Table 3.7: CDA Analysis: Model 1

SF no PV SF PV MF no PV

Window AC quantity 1.952∗∗∗ (0.304) 1.238∗∗∗ (0.415) 1.602∗∗∗ (0.339)

Split AC quantity 1.692∗∗∗ (0.378) 0.884∗∗ (0.376) 0.827 (0.547)

Central AC 7.780∗∗∗ (1.447) 7.193∗∗∗ (1.601) 5.165∗∗∗ (1.593)

Ceiling fan 0.410 (0.612) -0.301 (1.129) 1.014 (0.664)

Portable fan 0.474 (0.627) -2.595∗∗∗ (1.002) 0.901 (0.789)

Electric water heater 4.717∗∗∗ (0.938) 8.834∗∗∗ (1.856) 2.559∗∗ (1.185)

Heat pump water heater 9.025∗∗∗ (2.287) 8.901∗∗∗ (2.270) 4.492∗ (2.714)

Solar water heater 1.506 (0.997) 5.218∗∗∗ (1.838) 6.687∗ (3.987)

Two refrigerators or more 4.351∗∗∗ (0.634) 4.058∗∗∗ (0.951) 5.299∗∗ (2.152)

Three refrigerators or more 7.781∗∗∗ (2.156) 6.896∗∗∗ (2.006) 8.073∗∗∗ (2.811)

One freezer 4.134∗∗∗ (0.708) 3.640∗∗∗ (0.972) 0.460 (1.201)

Wine cooler -0.433 (1.137) 2.129 (1.406) -1.117 (1.195)

Electric dryer 3.651∗∗∗ (0.643) 4.669∗∗∗ (1.443) 4.577∗∗∗ (1.117)

Washer 2.607∗∗∗ (0.932) 4.305∗ (2.252) 0.786 (1.182)

Laptop quantity 0.863∗∗ (0.337) 1.722∗∗∗ (0.499) 0.546 (0.403)

Desktop quantity 1.519∗∗∗ (0.396) 1.734∗∗∗ (0.563) 0.429 (0.501)

Printer quantity -0.521 (0.429) -0.469 (0.733) -0.920 (0.603)

Mobile phones quantity 0.729∗∗∗ (0.251) 0.263 (0.504) 0.603∗ (0.340)

Small TV quantity 1.684∗∗∗ (0.268) 2.190∗∗∗ (0.507) 1.453∗∗∗ (0.497)

Large TV quantity 2.031∗∗∗ (0.438) 3.424∗∗∗ (0.633) 1.814∗∗∗ (0.634)

Electric vehicle × EV charging at home 2.723 (2.931) 4.646∗∗∗ (1.740) 4.154 (2.979)

R2 0.37 0.32 0.41

Observations 29851 16838 11609

Note: Results are based on Model 1, Equation 3.1. Standard errors, clustered by respondent id, are in

parentheses. Insignificant values are omitted from the table.Columns 1, 2 and 3 denote SF households

without PV, SF households with PV and MF households without PV respectively. ∗ p < 0.10, ∗∗

p < 0.05, ∗∗∗ p < .01
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Table 3.8: CDA Analysis, Model 2

SF no PV SF PV MF no PV

CDD 0.031 (0.058) -0.056 (0.147) -0.074 (0.080)

Window AC quantity -0.260 (0.360) -1.498∗∗∗ (0.467) -0.651 (0.509)

Split AC quantity 0.082 (0.390) -1.456∗∗∗ (0.453) -0.047 (0.754)

Central AC -1.308 (1.545) -3.040∗ (1.585) 2.600 (1.694)

Ceiling fan 0.538 (0.723) -1.692 (1.351) 1.169 (0.922)

Portable fan 1.214 (0.744) -1.520 (1.193) -0.978 (0.886)

CDD × Window AC quantity 0.179∗∗∗ (0.032) 0.221∗∗∗ (0.037) 0.169∗∗∗ (0.036)

CDD × Split AC quantity 0.144∗∗∗ (0.026) 0.250∗∗∗ (0.033) 0.093∗∗∗ (0.035)

CDD × Central AC 0.792∗∗∗ (0.117) 1.065∗∗∗ (0.121) 0.208 (0.131)

Ceiling fan × CDD 0.031 (0.055) 0.214∗∗ (0.104) 0.040 (0.066)

Portable fan × CDD -0.072 (0.050) -0.058 (0.095) 0.140∗∗ (0.066)

Two refrigerators or more 3.108∗∗∗ (0.586) 3.048∗∗∗ (0.795) 2.155 (1.685)

Three refrigerators or more 4.266∗∗∗ (1.548) 2.811∗ (1.542) 11.125∗∗∗ (3.541)

One freezer 2.821∗∗∗ (0.524) 2.807∗∗∗ (0.820) 0.085 (1.166)

Wine cooler 1.193 (1.084) 3.617∗∗∗ (1.253) -0.274 (1.246)

Desktop quantity 1.027∗∗∗ (0.362) 1.130∗∗ (0.469) 0.047 (0.454)

Small TV quantity 1.378∗∗∗ (0.240) 1.424∗∗∗ (0.402) 1.046∗∗ (0.452)

Large TV quantity 1.135∗∗∗ (0.386) 2.299∗∗∗ (0.487) 1.830∗∗∗ (0.524)

Electric vehicle × EV charging at home 3.807 (2.930) 6.214∗∗∗ (1.712) 7.008∗∗∗ (2.311)

R2 0.48 0.47 0.54

Observations 29851 16838 11609

Note: Results are based on Model 2, Equation 3.3. Standard errors, clustered by respondent id, are in

parentheses. Insignificant values are omitted from the table. Columns 1, 2 and 3 denote SF households

without PV, SF households with PV and MF households without PV respectively. ∗ p < 0.10, ∗∗ p < 0.05,

∗∗∗ p < .01
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Table 3.9: UEC, Model 1

SF no PV SF PV MF no PV

Window AC quantity 712.5 451.9 584.7

Split AC quantity 617.6 322.7 NS

Central AC 2839.7 2625.4 1885.2

Electric water heater 1721.7 3224.4 934.0

Heat pump water heater 3294.1 3248.9 1639.6

Solar water heater NS 1904.6 2440.8

No refrigerator NS 5715.9 -1629.7

Two refrigerator or more 1588.1 1481.2 1934.1

Three refrigerator or more 2840.1 2517.0 2946.6

One freezer 1508.9 1328.6 NS

Two freezers NS 1358.2 3005.8

Electric range NS NS 1007.0

Electric oven 1069.1 NS NS

Electric dryer 1332.6 1704.2 1670.6

Washer 951.6 1571.3 NS

Dishwahser NS 572.7 NS

Hot tub spa 1061.1 NS NS

Laptop quantity 315.0 628.5 NS

Desktop quantity 554.4 632.9 NS

Mobile phones quantity 266.1 NS 220.1

Small TV quantity 614.7 799.4 530.3

Large TV quantity 741.3 1249.8 662.1

NonLED inside NS -159.5 363.2

Halogen inside 1129.5 -53.4 NS

Halogen outside 11.4 NS NS

EV X EV charger NS 1695.8 NS

Note: NS refers to non significant values
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Table 3.10: UEC, Model 2

SF no PV SF PV MF no PV

Window AC 755.27 919.83 713.08

Split AC 607.59 962.02 713.08

Central AC 3341.76 3780.58 NS

Electric water heater 4376.40 4131.29 2595.56

Heat pump water heater 5485.95 NS NS

Solar water heater 3536.18 2465.08 -238.30

First refrigerator old 559.55 NS NS

One refrigerator 567.21 574.33 NS

Two refrigerator or more 1134.42 1148.66 NS

Three refrigerator or more 1557.09 1014.34 4058.80

One freezer 1029.67 960.32 NS

Two freezers NS 1369.48 NS

Ice machine 199.66 732.56 647.51

Wine cooler NS 1359.99 NS

Electric dryer 960.32 NS NS

Washer 1071.64 NS NS

Hot tub spa 1401.97 1293.93 NS

Desktop quantity 374.86 419.75 NS

Small TV quantity 502.97 496.77 381.79

Large TV quantity 414.28 844.61 667.95

EV X EV charger NS 2229.06 2557.92

Note: NS refers to non significant values
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Table 3.11: CDA Analysis: Income effect

SF no PV SF PV MF no PV

High income × Window AC quantity 1.835∗∗∗ (0.372) 1.605∗∗∗ (0.441) 1.379∗∗∗ (0.419)

High income × Split AC quantity 1.650∗∗∗ (0.362) 1.712∗∗∗ (0.392) 0.847 (0.865)

High income × Central AC 5.584∗∗∗ (1.578) 9.757∗∗∗ (1.542) 6.095∗∗∗ (2.212)

High income × Ceiling fan 2.427∗∗ (0.979) -2.667 (1.963) 1.995 (1.220)

Two fridge or more 3.006∗∗∗ (0.560) 3.241∗∗∗ (0.785) 2.163 (1.585)

Three fridge or more 4.658∗∗∗ (1.538) 2.743∗ (1.576) 11.107∗∗∗ (3.417)

One freezer 2.904∗∗∗ (0.519) 2.500∗∗∗ (0.810) 0.133 (1.174)

Wine cooler 1.224 (1.097) 3.599∗∗∗ (1.268) -0.145 (1.282)

Desktop quantity 1.117∗∗∗ (0.352) 1.244∗∗∗ (0.471) 0.110 (0.476)

Small TV quantity 1.362∗∗∗ (0.235) 1.359∗∗∗ (0.397) 1.015∗∗ (0.455)

Large TV quantity 1.100∗∗∗ (0.381) 2.212∗∗∗ (0.491) 1.748∗∗∗ (0.526)

Electric vehicle × EV charging at home 3.894 (2.938) 6.347∗∗∗ (1.727) 7.521∗∗∗ (2.409)

R2 0.47 0.44 0.53

Observations 29851 16838 11609

Note: Results are based on Model 2, Equation 3.3. Standard errors, clustered by respondent id, are in

parentheses. Insignificant values are omitted from the table. Columns 1, 2 and 3 denote SF households

without PV, SF households with PV and MF households without PV respectively. ∗ p < 0.10, ∗∗ p < 0.05,

∗∗∗ p < .01
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Table 3.12: CDA Analysis: Robustness check

HO:SFnoPV HO:SFwPV HO:MFnoPV NEM:SFwPV

Window AC 0.260 -1.823∗ -1.816∗ -2.011∗

(0.699) (1.075) (0.929) (1.147)

Split AC 0.297 -3.216∗∗∗ -0.684 -3.034∗∗∗

(0.877) (1.075) (1.414) (1.101)

Central AC -1.191 -2.735∗ -0.290 -2.173

(1.591) (1.586) (1.774) (1.721)

Ceiling fan -1.162∗ -2.776∗∗ 1.509 -2.319

(0.681) (1.335) (0.922) (1.460)

Portable fan 0.883 -2.090∗ -0.482 -1.083

(0.746) (1.167) (0.998) (1.218)

Window AC × CDD 0.199∗∗∗ 0.267∗∗∗ 0.357∗∗∗ 0.346∗∗∗

(0.049) (0.078) (0.063) (0.083)

Split AC × CDD 0.327∗∗∗ 0.540∗∗∗ 0.317∗∗∗ 0.542∗∗∗

(0.061) (0.077) (0.087) (0.080)

Central AC × CDD 0.778∗∗∗ 1.028∗∗∗ 0.365∗∗∗ 1.017∗∗∗

(0.126) (0.118) (0.133) (0.133)

Ceiling fan × CDD 0.144∗∗∗ 0.322∗∗∗ -0.057 0.252∗∗

(0.045) (0.097) (0.062) (0.108)

Portable fan × CDD -0.066 0.029 0.010 -0.113

(0.051) (0.087) (0.068) (0.098)

Two refrigerators or more 3.096∗∗∗ 3.374∗∗∗ 3.181∗∗ 3.651∗∗∗

(0.620) (0.807) (1.551) (0.843)

Three refrigerators or more 2.943∗∗ 3.413∗∗ 10.049∗∗∗ 3.143∗

(1.416) (1.562) (1.900) (1.633)

One freezer 2.985∗∗∗ 2.731∗∗∗ 0.962 2.843∗∗∗

(0.550) (0.840) (0.822) (0.866)

Wine cooler 1.780 4.078∗∗∗ 1.338 3.681∗∗∗

(1.118) (1.258) (1.153) (1.287)

Desktop quantity 1.161∗∗∗ 1.306∗∗∗ 0.293 1.196∗∗

(0.387) (0.475) (0.395) (0.507)

Small TV quantity 1.193∗∗∗ 1.503∗∗∗ 0.127 1.273∗∗∗

81



(0.260) (0.420) (0.383) (0.421)

Large TV quantity 1.001∗∗ 2.271∗∗∗ 2.161∗∗∗ 2.297∗∗∗

(0.407) (0.498) (0.538) (0.513)

Electric vehicle × EV charging at home 3.627 6.848∗∗∗ 7.954∗∗∗ 6.209∗∗∗

(3.121) (1.688) (1.514) (1.715)

R2 0.47 0.45 0.68 0.47

Observations 26075 16273 6791 15201

Note: Results are based on Model 2, Equation 3.3. Standard errors, clustered by respondent id, are in

parentheses. Insignificant values are omitted from the table.HO:SFnoPV refers to homeowners who

are single family households without PV; HO:SFwPV refers to homeowners who are single family

households with PV. HO:MFnoPV refers to homeowners who are multi family households without

PV. NEM:SFwPV refers to single family NEM customers with solar PV. ∗ p < 0.10, ∗∗ p < 0.05, ∗∗∗

p < .01
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Figure A.1 Countries in the data sample
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Table A.1 List of countries included in the sample

Non-Landlocked Landlocked

Albania Georgia Pakistan Afghanistan
Algeria Germany Panama Armenia
Argentina Ghana Papua New Guinea Austria*
Australia Greece Peru Azerbaijan
Bahamas Guatemala Philippines Bhutan
Bahrain Haiti Poland Bolivia
Bangladesh Honduras Portugal Burkina Faso
Barbados Iceland Qatar Burundi
Belize India Romania Central African Republic
Benin Indonesia Russian Federation Czech Republic*
Bermuda Iran Saint Lucia Ethiopia
Brazil Iraq Saudi Arabia Hungary*
Bulgaria Ireland Senegal Kazakhstan
Cote d’Ivoire Israel Seychelles Kyrgyzstan
Cambodia Italy Sierra Leone Laos
Cameroon Jamaica Singapore Malawi
Canada Japan Slovenia Moldova
Cape Verde Jordan Somalia Mongolia
Chile Kenya South Africa Nepal
China Kuwait South Korea Niger
Colombia Latvia Spain Paraguay
Congo Lebanon Sri Lanka Rwanda
Costa Rica Liberia Suriname Slovakia
Croatia Libya Sweden Sudan
Cuba Lithuania Syria Switzerland*
Cyprus Macedonia Tanzania Tajikistan
Denmark Madagascar Thailand Turkmenistan
Dominican Republic Malaysia Togo Uganda
Ecuador Malta Tonga Zambia
Egypt Mauritius Trinidad and Tobago Zimbabwe
El Salvador Mexico Tunisia
Equatorial Guinea Morocco Turkey
Eritrea Mozambique Ukraine
Estonia Myanmar United Arab Emirates
Fiji Netherlands United Kingdom
Finland New Zealand United States
France Nicaragua Uruguay
Gabon Nigeria Venezuela
Gambia Norway Vietnam

Oman Yemen

Note: Landlocked countries are also LLDCs except the ones with *
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Table A.2 Descriptive Statistics
Mean SD Min Max

Exports 1836610 4.71e+07 0 4.14e+09
Contiguity .0248385 .1556332 0 1
Common official language .1187748 .3235243 0 1
Common colonizer .0599736 .2374386 0 1
Distance (log value) 8.581528 .9300011 2.134166 9.885839
RTA .1375562 .3444346 0 1
Border .9855647 .1192772 0 1
Landlocked .1385272 .3454535 0 1
Lowincome exporter .2493916 .4326622 0 1
Highincome exporter .7506084 .4326622 0 1
Asia exporter .2783689 .4481973 0 1
Europe exporter .3480233 .4763449 0 1
Africa exporter .1466626 .3537703 0 1
South America exporter .16185 .3683142 0 1

N 168891
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Table A.3 Countries Included by Maximum Cargo Port Depth Grouping
Group Landlocked Shallow Deep Water Panamax New/Post Panamax Very Deep
Port Depth <31 31-40 41-50 51-60 >60

Countries Afghanistan Albania Bermuda Algeria Argentina Australia*
Armenia Bangladesh Cape Verde Belgium Colombia Brazil
Austria Bulgaria Costa Rica Cambodia Denmark Canada
Azerbaijan Georgia Cuba Congo, Rep. of Egypt Chile
Belarus Lithuania Ecuador Cyprus India China
Bolivia Macao Eritrea Finland Lebanon Croatia
Bosnia & Herz. Madagascar Estonia Germany Malaysia France
Botswana Mauritius Fiji Jordan Malta Greece
Burundi Myanmar Kenya Kuwait Morocco Iceland
Czech Republic Romania Latvia Namibia Oman Indonesia
Ethiopia Montenegro New Zealand Panama Iran
Hungary Tanzania Nigeria Russia Iraq
Kazakhstan Trinidad & Tob. Norway Saudi Arabia Ireland
Kyrgyzstan Tunisia Pakistan Singapore Israel*
Luxembourg Uruguay Poland UAE Italy
Macedonia Qatar Japan
Malawi Senegal Korea, South
Moldova Slovenia Mexico
Mongolia Sri Lanka Netherlands
Nepal Taiwan Peru*
Niger Thailand Philippines
Palestine Tonga Portugal
Rwanda Vietnam South Africa
Serbia Spain
Slovakia Sweden
Switzerland Turkey
Tajikistan Ukraine
Turkmenistan UK
Uzbekistan USA
Zimbabwe Yemen

Num. Co.s 30 10 15 23 15 30

Notes: Countries included in the manufactured goods, 4-year interval data for 2000-2019. Ethiopia excludes

Eritrea. * indicates countries with port depth between 61 and 70 feet, while other “Very Deep” port countries

have maximum port depth of 71 feet or more.
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Table A.4 Deepest Port Depth and Number of Deepest Ports, Manufactured Goods
(1) (2) (3) (4)

VARIABLES Exports Exports Exports Exports

Log distance -0.812*** -0.769*** -0.803*** -0.776***
(0.0528) (0.0490) (0.0512) (0.0504)

Contiguity 0.389*** 0.455*** 0.432*** 0.463***
(0.102) (0.106) (0.104) (0.106)

Common language 0.268*** 0.260*** 0.145* 0.177**
(0.0735) (0.0731) (0.0823) (0.0847)

Colony pair 0.198* 0.164 0.225** 0.194*
(0.106) (0.104) (0.101) (0.100)

PTA 0.115 0.168** 0.210*** 0.216***
(0.0905) (0.0827) (0.0778) (0.0749)

Border (B) -2.845*** -3.765*** -3.454*** -3.885***
(0.173) (0.236) (0.176) (0.242)

B*Deepest cargo port depth 0.0126*** 0.00848***
(0.00292) (0.00293)

B*Num port w/max c.depth 0.488*** 0.337**
(0.129) (0.133)

Constant 19.29*** 19.00*** 19.23*** 19.05***
(0.347) (0.322) (0.338) (0.332)

Observations 126,906 126,906 126,906 126,906
Pseudo R2 0.985 0.986 0.986 0.986

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 3-year interval data for 2000-2018; data trimmed on

exporter side; 124 exporter and 238 importer countries.
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Table A.5 Having at Least One Port Deeper than Various Cutoff Depths, Manufactured
Goods

(1) (2) (3) (4) (5)
VARIABLES Exports Exports Exports Exports Exports

Log distance -0.796*** -0.788*** -0.779*** -0.823*** -0.781***
(0.0522) (0.0519) (0.0519) (0.0536) (0.0485)

Contiguity 0.411*** 0.415*** 0.420*** 0.372*** 0.446***
(0.105) (0.105) (0.106) (0.104) (0.102)

Common language 0.271*** 0.268*** 0.271*** 0.275*** 0.252***
(0.0735) (0.0737) (0.0737) (0.0724) (0.0714)

Colony pair 0.180* 0.176* 0.174* 0.202* 0.178*
(0.106) (0.105) (0.105) (0.107) (0.104)

PTA 0.138 0.152* 0.161* 0.0945 0.146*
(0.0897) (0.0891) (0.0889) (0.0900) (0.0821)

Border (B) -3.535*** -3.715*** -3.844*** -2.684*** -3.223***
(0.217) (0.208) (0.209) (0.220) (0.180)

B*Have port w/c.depth ≥ 21ft 0.676***
(0.160)

B*Have port w/c.depth ≥ 31ft 0.852***
(0.150)

B*Have port w/c.depth ≥ 41ft 0.967***
(0.149)

B*Have port w/c.depth ≥ 51ft -0.164
(0.156)

B*Have port w/c.depth ≥ 61ft 0.432***
(0.139)

Constant 19.18*** 19.13*** 19.07*** 19.36*** 19.09***
(0.343) (0.341) (0.342) (0.351) (0.318)

Observations 126,906 126,906 126,906 126,906 126,906
Pseudo R2 0.986 0.986 0.986 0.985 0.986

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 3-year interval data for 2000-2018; data trimmed on

exporter side; 124 exporter and 238 importer countries.
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Table A.6 Having Multiple Ports Deeper than Various Cutoff Depths, Manufactured Goods

(1) (2) (3) (4) (5)
VARIABLES Exports Exports Exports Exports Exports

Log distance -0.713*** -0.711*** -0.731*** -0.770*** -0.772***
(0.0490) (0.0468) (0.0472) (0.0501) (0.0480)

Contiguity 0.428*** 0.434*** 0.436*** 0.429*** 0.449***
(0.107) (0.109) (0.110) (0.104) (0.105)

Common language 0.0724 0.0890 0.251*** 0.279*** 0.258***
(0.0759) (0.0749) (0.0721) (0.0736) (0.0735)

Colony pair 0.190* 0.212** 0.216** 0.191* 0.162
(0.102) (0.103) (0.105) (0.111) (0.115)

PTA 0.411*** 0.436*** 0.345*** 0.195** 0.199**
(0.0670) (0.0660) (0.0756) (0.0852) (0.0777)

Border (B) -3.557*** -3.643*** -3.575*** -3.224*** -3.245***
(0.149) (0.144) (0.159) (0.188) (0.159)

B*Num ports w/c.depth ≥ 21ft 0.00540***
(0.000629)

B*Num ports w/c.depth ≥ 31ft 0.0118***
(0.00131)

B*Num ports w/c.depth ≥ 41ft 0.0335***
(0.00411)

B*Num ports w/c.depth ≥ 51ft 0.0591***
(0.0151)

B*Num ports w/c.depth ≥ 61ft 0.145***
(0.0391)

Constant 18.65*** 18.63*** 18.75*** 19.01*** 19.02***
(0.322) (0.308) (0.311) (0.329) (0.317)

Observations 126,906 126,906 126,906 126,906 126,906
Pseudo R2 0.987 0.987 0.987 0.986 0.986

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 3-year interval data for 2000-2018; data trimmed on

exporter side; 124 exporter and 238 importer countries.
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Table A.7 Deepest Port Depth and Number of Deepest Ports, Manufactured Goods,
Excluding Landlocked Countries

(1) (2) (3) (4)
VARIABLES Exports Exports Exports Exports

Log distance -0.754*** -0.722*** -0.759*** -0.728***
(0.0533) (0.0509) (0.0541) (0.0524)

Contiguity 0.413*** 0.466*** 0.434*** 0.480***
(0.106) (0.110) (0.107) (0.111)

Common language 0.228*** 0.208*** 0.111 0.107
(0.0746) (0.0736) (0.0852) (0.0875)

Colony pair 0.214** 0.198* 0.254*** 0.231**
(0.104) (0.101) (0.0973) (0.0971)

PTA 0.181** 0.211*** 0.252*** 0.271***
(0.0881) (0.0813) (0.0770) (0.0723)

Border (B) -2.942*** -4.146*** -3.472*** -4.500***
(0.165) (0.388) (0.199) (0.429)

B*Deepest cargo port depth 0.0169*** 0.0153***
(0.00510) (0.00487)

B*Num port w/max c.depth 0.434*** 0.376***
(0.151) (0.140)

Constant 18.78*** 18.58*** 18.82*** 18.62***
(0.350) (0.334) (0.356) (0.345)

Observations 67,804 67,804 67,804 67,804
Pseudo R2 0.984 0.984 0.984 0.984

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019; data trimmed on

exporter side; 93 exporter and 192 importer countries.
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Table A.8 Having at Least One Port Deeper than Various Cutoff Depths, Manufactured
Goods, Excluding Landlocked Countries

(1) (2) (3) (4) (5)
VARIABLES Exports Exports Exports Exports Exports

Log distance -0.754 -0.748*** -0.733*** -0.770*** -0.733***
(0) (0.0528) (0.0530) (0.0543) (0.0509)

Contiguity 0.413 0.408*** 0.413*** 0.391*** 0.455***
(0) (0.106) (0.106) (0.104) (0.107)

Common language 0.228 0.217*** 0.222*** 0.244*** 0.210***
(0) (0.0742) (0.0739) (0.0716) (0.0727)

Colony pair 0.214 0.215** 0.216** 0.215** 0.203**
(0) (0.103) (0.103) (0.105) (0.101)

PTA 0.181 0.197** 0.207** 0.152* 0.196**
(0) (0.0874) (0.0871) (0.0884) (0.0824)

Border (B) -5.965 -4.556*** -4.846*** -2.656*** -3.266***
(0) (0.241) (0.229) (0.233) (0.192)

B*Have port w/c.depth ≥ 21ft 3.022
(0)

B*Have port w/c.depth ≥ 31ft 1.617***
(0.199)

B*Have port w/c.depth ≥ 41ft 1.885***
(0.170)

B*Have port w/c.depth ≥ 51ft -0.299*
(0.170)

B*Have port w/c.depth ≥ 61ft 0.384***
(0.148)

Constant 18.78 18.75*** 18.65*** 18.89*** 18.65***
(0) (0.347) (0.348) (0.356) (0.334)

Observations 67,804 67,804 67,804 67,804 67,804
Pseudo R2 0.984 0.984 0.984 0.984 0.984

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019; data trimmed on

exporter side; 93 exporter and 192 importer countries.
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Table A.9 Having Multiple Ports Deeper than Various Cutoff Depths, Manufactured Goods,
Excluding Landlocked Countries

(1) (2) (3) (4) (5)
VARIABLES Exports Exports Exports Exports Exports

Log distance -0.664*** -0.665*** -0.687*** -0.722*** -0.725***
(0.0538) (0.0515) (0.0492) (0.0513) (0.0507)

Contiguity 0.440*** 0.446*** 0.447*** 0.440*** 0.458***
(0.114) (0.115) (0.113) (0.109) (0.110)

Common language 0.0261 0.0385 0.202*** 0.236*** 0.215***
(0.0782) (0.0759) (0.0722) (0.0755) (0.0754)

Colony pair 0.215** 0.240** 0.244** 0.212* 0.186*
(0.101) (0.101) (0.103) (0.108) (0.112)

PTA 0.469*** 0.492*** 0.396*** 0.245*** 0.245***
(0.0688) (0.0672) (0.0748) (0.0835) (0.0781)

Border (B) -3.637*** -3.717*** -3.641*** -3.284*** -3.283***
(0.160) (0.155) (0.163) (0.187) (0.163)

B*Num ports w/c.depth ≥ 21ft 0.00532***
(0.000608)

B*Num ports w/c.depth ≥ 31ft 0.0117***
(0.00126)

B*Num ports w/c.depth ≥ 41ft 0.0333***
(0.00401)

B*Num ports w/c.depth ≥ 51ft 0.0554***
(0.0158)

B*Num ports w/c.depth ≥ 61ft 0.129***
(0.0376)

Constant 18.20*** 18.20*** 18.34*** 18.57*** 18.59***
(0.354) (0.339) (0.325) (0.337) (0.334)

Observations 67,804 67,804 67,804 67,804 67,804
Pseudo R2 0.986 0.986 0.985 0.984 0.984

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019; data trimmed on

exporter side; 93 exporter and 192 importer countries.
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Table A.10 Having at Least One Port Deeper than Various Cutoff Depths, Agricultural
Goods

(1) (2) (3) (4) (5)
VARIABLES Exports Exports Exports Exports Exports

Log distance -1.219*** -1.202*** -1.161*** -1.169*** -1.126***
(0.0762) (0.0760) (0.0757) (0.0752) (0.0694)

Contiguity 0.362* 0.368* 0.378** 0.357* 0.413**
(0.187) (0.189) (0.190) (0.194) (0.175)

Common language 0.427*** 0.423*** 0.442*** 0.486*** 0.527***
(0.130) (0.130) (0.131) (0.131) (0.121)

Colony pair -0.173 -0.177 -0.181 -0.190 -0.164
(0.197) (0.197) (0.197) (0.189) (0.176)

PTA 0.0704 0.0876 0.105 0.148 0.151
(0.117) (0.117) (0.116) (0.112) (0.107)

Border (B) -5.296*** -5.168*** -5.257*** -4.597*** -4.778***
(0.256) (0.240) (0.234) (0.247) (0.217)

B*Have port w/c.depth ≥ 21ft 1.659***
(0.212)

B*Have port w/c.depth ≥ 31ft 1.522***
(0.182)

B*Have port w/c.depth ≥ 41ft 1.572***
(0.165)

B*Have port w/c.depth ≥ 51ft 0.958***
(0.192)

B*Have port w/c.depth ≥ 61ft 1.319***
(0.178)

Constant 19.48*** 19.37*** 19.09*** 19.15*** 18.86***
(0.503) (0.502) (0.500) (0.497) (0.459)

Observations 104,543 104,543 104,543 104,543 104,543
Pseudo R2 0.980 0.980 0.980 0.980 0.981

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019; data trimmed on

exporter side; 161 exporter and 200 importer countries.
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Table A.11 Having at Least One Port Deeper than Various Cutoff Depths, Mining Goods

(1) (2) (3) (4) (5)
VARIABLES Exports Exports Exports Exports Exports

Log distance -1.022*** -1.015*** -1.009*** -0.998*** -0.974***
(0.114) (0.112) (0.113) (0.111) (0.113)

Contiguity -0.223 -0.223 -0.220 -0.202 -0.126
(0.205) (0.204) (0.204) (0.202) (0.196)

Common language 0.343* 0.330* 0.330* 0.315 0.361*
(0.195) (0.196) (0.196) (0.199) (0.195)

Colony pair 0.746*** 0.746*** 0.748*** 0.733*** 0.692***
(0.210) (0.209) (0.209) (0.209) (0.209)

PTA 0.852*** 0.865*** 0.870*** 0.890*** 0.929***
(0.156) (0.157) (0.158) (0.162) (0.166)

Border (B) -5.892*** -6.070*** -6.172*** -5.526*** -5.609***
(0.356) (0.334) (0.337) (0.326) (0.354)

B*Have port w/c.depth ≥ 21ft 1.238***
(0.265)

B*Have port w/c.depth ≥ 31ft 1.434***
(0.282)

B*Have port w/c.depth ≥ 41ft 1.534***
(0.274)

B*Have port w/c.depth ≥ 51ft 0.912***
(0.271)

B*Have port w/c.depth ≥ 61ft 1.127***
(0.271)

Constant 19.28*** 19.23*** 19.19*** 19.16*** 19.03***
(0.753) (0.746) (0.746) (0.742) (0.757)

Observations 51,951 51,951 51,951 51,951 51,951
Pseudo R2 0.976 0.976 0.976 0.976 0.977

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019; data trimmed on

exporter side; 95 exporter and 236 importer countries.
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Table A.12 Having Multiple Ports Deeper than Various Cutoff Depths, Agricultural Goods

(1) (2) (3) (4) (5)
VARIABLES Exports Exports Exports Exports Exports

Log distance -1.058*** -1.056*** -1.113*** -1.113*** -1.112***
(0.0614) (0.0653) (0.0750) (0.0738) (0.0705)

Contiguity 0.328* 0.358** 0.372* 0.404** 0.418**
(0.168) (0.173) (0.190) (0.178) (0.176)

Common language 0.223** 0.286*** 0.545*** 0.591*** 0.582***
(0.103) (0.107) (0.133) (0.132) (0.123)

Colony pair -0.0433 -0.0512 -0.156 -0.224 -0.284
(0.175) (0.176) (0.186) (0.179) (0.183)

PTA 0.444*** 0.435*** 0.299*** 0.233** 0.225**
(0.0946) (0.0971) (0.108) (0.112) (0.103)

Border (B) -4.716*** -4.846*** -4.693*** -4.674*** -4.711***
(0.196) (0.214) (0.234) (0.224) (0.213)

B*Num ports w/c.depth ≥ 21ft 0.0104***
(0.000902)

B*Num ports w/c.depth ≥ 31ft 0.0220***
(0.00190)

B*Num ports w/c.depth ≥ 41ft 0.0551***
(0.00842)

B*Num ports w/c.depth ≥ 51ft 0.170***
(0.0207)

B*Num ports w/c.depth ≥ 61ft 0.403***
(0.0400)

Constant 18.39*** 18.37*** 18.77*** 18.77*** 18.76***
(0.407) (0.433) (0.496) (0.487) (0.466)

Observations 104,543 104,543 104,543 104,543 104,543
Pseudo R2 0.982 0.982 0.981 0.981 0.981

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019; data trimmed on

exporter side; 161 exporter and 200 importer countries.
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Table A.13 Having Multiple Ports Deeper than Various Cutoff Depths, Mining Goods

(1) (2) (3) (4) (5)
VARIABLES Exports Exports Exports Exports Exports

Log distance -1.034*** -1.032*** -1.019*** -1.026*** -1.020***
(0.116) (0.116) (0.119) (0.124) (0.121)

Contiguity -0.236 -0.235 -0.222 -0.228 -0.219
(0.207) (0.207) (0.208) (0.213) (0.212)

Common language 0.324 0.330* 0.333* 0.347* 0.346*
(0.199) (0.198) (0.196) (0.194) (0.195)

Colony pair 0.736*** 0.736*** 0.743*** 0.730*** 0.725***
(0.209) (0.209) (0.210) (0.211) (0.211)

PTA 0.869*** 0.863*** 0.878*** 0.853*** 0.872***
(0.168) (0.166) (0.163) (0.148) (0.153)

Border (B) -4.779*** -4.764*** -4.876*** -4.777*** -4.850***
(0.368) (0.380) (0.409) (0.466) (0.432)

B*Num ports w/c.depth ≥ 21ft 0.00124
(0.00122)

B*Num ports w/c.depth ≥ 31ft 0.00206
(0.00264)

B*Num ports w/c.depth ≥ 41ft 0.0135
(0.0119)

B*Num ports w/c.depth ≥ 51ft 0.0245
(0.0464)

B*Num ports w/c.depth ≥ 61ft 0.0798
(0.0684)

Constant 19.36*** 19.35*** 19.26*** 19.31*** 19.28***
(0.767) (0.768) (0.785) (0.816) (0.800)

Observations 51,951 51,951 51,951 51,951 51,951
Pseudo R2 0.976 0.976 0.976 0.976 0.976

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and

a constant are included in regressions. Results using 4-year interval data for 2000-2019; data trimmed on

exporter side; 95 exporter and 236 importer countries.
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Table A.14 Deepest Port Depth and Number of Deepest Ports, Manufactured Goods (Non-
trimmed data with 123 exporters)

(1) (2) (3) (4)
VARIABLES Exports Exports Exports Exports

Log distance -0.500*** -0.484*** -0.495*** -0.484***
(0.0545) (0.0529) (0.0550) (0.0532)

Contiguity 0.556*** 0.590*** 0.575*** 0.594***
(0.0999) (0.101) (0.101) (0.102)

Common language 0.370*** 0.364*** 0.324*** 0.345***
(0.0725) (0.0725) (0.0752) (0.0764)

Colony pair 0.223* 0.201* 0.235** 0.209*
(0.115) (0.118) (0.114) (0.116)

PTA 0.348*** 0.370*** 0.381*** 0.381***
(0.0747) (0.0717) (0.0743) (0.0719)

Border (B) -2.960*** -3.532*** -3.226*** -3.568***
(0.176) (0.244) (0.232) (0.251)

B*Deepest cargo port depth 0.00821*** 0.00712**
(0.00299) (0.00338)

B*Num port w/max c.depth 0.212 0.0890
(0.134) (0.141)

Constant 16.61*** 16.51*** 16.58*** 16.52***
(0.354) (0.344) (0.357) (0.346)

Observations 154,968 154,968 154,968 154,968
Pseudo R2 0.966 0.967 0.967 0.967

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and a

constant are included in regressions. Results using 4-year interval data for 2000-2019; 123 exporter and 238

importer countries.
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Table A.15 Having at Least One Port Deeper than Various Cutoff Depths, Manufactured
Goods (Non-trimmed data with 123 exporters)

(1) (2) (3) (4) (5)
VARIABLES Exports Exports Exports Exports Exports

Log distance -0.494*** -0.491*** -0.486*** -0.504*** -0.495***
(0.0541) (0.0538) (0.0536) (0.0551) (0.0529)

Contiguity 0.568*** 0.569*** 0.572*** 0.542*** 0.567***
(0.101) (0.101) (0.101) (0.102) (0.0996)

Common language 0.369*** 0.366*** 0.366*** 0.377*** 0.368***
(0.0729) (0.0731) (0.0732) (0.0719) (0.0723)

Colony pair 0.211* 0.207* 0.204* 0.229** 0.218*
(0.115) (0.115) (0.115) (0.115) (0.117)

PTA 0.360*** 0.368*** 0.373*** 0.337*** 0.352***
(0.0745) (0.0742) (0.0741) (0.0750) (0.0730)

Border (B) -3.552*** -3.725*** -3.853*** -2.821*** -3.034***
(0.220) (0.215) (0.217) (0.224) (0.195)

B*Have port w/c.depth ≥ 21ft 0.599***
(0.156)

B*Have port w/c.depth ≥ 31ft 0.777***
(0.152)

B*Have port w/c.depth ≥ 41ft 0.902***
(0.151)

B*Have port w/c.depth ≥ 51ft -0.159
(0.169)

B*Have port w/c.depth ≥ 61ft 0.0890
(0.156)

Constant 16.57*** 16.56*** 16.53*** 16.63*** 16.58***
(0.352) (0.350) (0.349) (0.357) (0.343)

Observations 154,968 154,968 154,968 154,968 154,968
Pseudo R2 0.967 0.967 0.967 0.966 0.966

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and a

constant are included in regressions. Results using 4-year interval data for 2000-2019; 123 exporter and 238

importer countries.
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Table A.16 Having Multiple Ports Deeper than Various Cutoff Depths, Manufactured Goods
(Non-trimmed data with 123 exporters)

(1) (2) (3) (4) (5)
VARIABLES Exports Exports Exports Exports Exports

Log distance -0.449*** -0.446*** -0.456*** -0.482*** -0.485***
(0.0559) (0.0539) (0.0502) (0.0520) (0.0524)

Contiguity 0.593*** 0.600*** 0.595*** 0.581*** 0.585***
(0.101) (0.101) (0.102) (0.1000) (0.0992)

Common language 0.266*** 0.272*** 0.365*** 0.377*** 0.363***
(0.0723) (0.0719) (0.0708) (0.0731) (0.0731)

Colony pair 0.221* 0.230* 0.225* 0.217* 0.208*
(0.122) (0.122) (0.119) (0.119) (0.119)

PTA 0.514*** 0.536*** 0.493*** 0.388*** 0.382***
(0.0722) (0.0689) (0.0665) (0.0712) (0.0715)

Border (B) -3.401*** -3.483*** -3.484*** -3.183*** -3.144***
(0.188) (0.179) (0.170) (0.184) (0.178)

B*Num ports w/c.depth ≥ 21ft 0.00356***
(0.000618)

B*Num ports w/c.depth ≥ 31ft 0.00817***
(0.00129)

B*Num ports w/c.depth ≥ 41ft 0.0258***
(0.00417)

B*Num ports w/c.depth ≥ 51ft 0.0384**
(0.0187)

B*Num ports w/c.depth ≥ 61ft 0.0719
(0.0449)

Constant 16.32*** 16.29*** 16.34*** 16.50*** 16.52***
(0.361) (0.349) (0.327) (0.338) (0.342)

Observations 154,968 154,968 154,968 154,968 154,968
Pseudo R2 0.968 0.968 0.968 0.967 0.967

Notes: Robust standard errors clustered by country pairs shown in parentheses. ***, **, and * indicate the

significance level at 1, 5, and 10 percent, respectively. Exporter-year and importer-year fixed effects and a

constant are included in regressions. Results using 4-year interval data for 2000-2019; 123 exporter and 238

importer countries.
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Table A.17: CDA Analysis, Model 2 with temperature bins

SF no PV SF PV MF no PV

bin1days × Window AC quantity 1.529 (5.515) -20.70 (15.38) 7.094 (12.96)

bin1days × Split AC quantity -3.293 (13.01) -9.044 (13.90) -42.25∗ (18.63)

Central AC × bin1days -8.973 (30.36) 2.844 (14.04) -9.578 (112.2)

Ceiling fan × bin1days 8.020 (4.745) -5.518 (49.59) -59.59∗ (29.59)

Portable fan × bin1days 7.057 (5.482) 46.33 (25.35) -7.961 (44.48)

bin2days × Window AC quantity 4.630 (5.594) -19.64 (15.39) 7.484 (12.92)

bin2days × Split AC quantity -1.502 (13.03) -7.732 (13.89) -41.07∗ (18.82)

Central AC × bin2days 6.113 (29.48) 6.506 (14.08) -14.53 (111.3)

Ceiling fan × bin2days 9.942 (5.253) -8.232 (49.45) -58.41∗ (29.67)

Portable fan × bin2days 8.221 (5.894) 48.60 (25.43) -10.61 (44.55)

bin3days × Window AC quantity -0.354 (5.692) -19.29 (15.67) 8.226 (13.31)

bin3days × Split AC quantity -1.327 (13.21) -6.518 (13.98) -45.31∗ (18.89)

Central AC × bin3days -11.21 (32.28) 0.473 (15.08) 0.0729 (112.6)

Ceiling fan × bin3days 8.464 (5.159) -6.552 (50.05) -63.15∗ (30.05)

Portable fan × bin3days 5.546 (5.934) 47.56 (25.76) -4.363 (45.15)

bin4days × Window AC quantity 1.221 (5.629) -20.34 (15.56) 7.809 (13.02)

bin4days × Split AC quantity -2.587 (13.28) -9.165 (14.04) -43.10∗ (18.68)

Central AC × bin4days -6.744 (31.69) 3.668 (13.63) -6.986 (112.7)

Ceiling fan × bin4days 9.499 (5.080) -11.40 (49.99) -60.67∗ (29.62)

Portable fan × bin4days 5.164 (5.701) 47.57 (25.52) -6.858 (44.65)

bin5days × Window AC quantity 2.295 (5.561) -17.84 (15.40) 7.376 (12.97)

bin5days × Split AC quantity -3.601 (12.81) -7.567 (13.85) -42.88∗ (18.97)

Central AC × bin5days -1.203 (29.72) 9.779 (14.21) -13.16 (111.5)

Ceiling fan × bin5days 7.161 (4.935) -3.245 (49.57) -60.31∗ (29.63)

Portable fan × bin5days 7.014 (5.538) 45.09 (25.39) -8.223 (44.57)

bin6days × Window AC quantity 3.834 (5.648) -17.29 (15.45) 9.442 (13.03)

bin6days × Split AC quantity 0.504 (13.27) -5.963 (13.97) -44.08∗ (18.56)

Central AC × bin6days 3.420 (31.70) 20.16 (14.44) -3.918 (112.3)

Ceiling fan × bin6days 9.838 (5.184) -3.494 (49.66) -57.66 (29.72)

Portable fan × bin6days 6.442 (5.957) 45.89 (25.44) -7.345 (44.71)

bin7days × Window AC quantity 3.767 (5.750) -21.40 (15.89) 7.809 (13.24)

bin7days × Split AC quantity -1.266 (13.21) -6.876 (13.96) -41.65∗ (19.50)

Central AC × bin7days 5.549 (30.98) -5.415 (15.95) -9.083 (112.3)

Ceiling fan × bin7days 10.73∗ (5.204) -10.92 (50.36) -62.11∗ (29.92)

Portable fan × bin7days 6.328 (5.911) 49.02 (26.22) -4.492 (45.02)

bin8days × Window AC quantity 6.246 (5.517) -16.28 (15.03) 7.850 (13.24)

bin8days × Split AC quantity 0.0621 (12.66) -4.715 (13.93) -36.63∗ (18.28)
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Central AC × bin8days -8.449 (30.51) 19.35 (14.46) -11.42 (111.2)

Ceiling fan × bin8days 8.284 (5.479) -2.301 (49.10) -60.88∗ (29.95)

Portable fan × bin8days 9.420 (5.856) 55.71∗ (24.99) -9.534 (44.59)

bin9days × Window AC quantity 1.027 (5.701) -16.19 (15.68) 9.770 (12.88)

bin9days × Split AC quantity -1.999 (13.35) -3.915 (13.96) -44.49∗ (18.98)

Central AC × bin9days 6.202 (32.21) 18.83 (14.77) 0.201 (112.8)

Ceiling fan × bin9days 7.567 (5.119) -7.185 (49.79) -58.06∗ (29.46)

Portable fan × bin9days 2.384 (5.989) 40.99 (25.66) -3.207 (44.63)

bin10days × Window AC quantity 4.669 (5.495) -16.64 (15.25) 9.805 (13.16)

bin10days × Split AC quantity -0.859 (12.80) -7.023 (13.85) -41.28∗ (18.61)

Central AC × bin10days 1.274 (29.37) 19.33 (13.34) -5.711 (111.2)

Ceiling fan × bin10days 8.945 (4.857) -0.954 (49.19) -59.41∗ (29.87)

Portable fan × bin10days 5.439 (5.420) 45.98 (25.02) -7.861 (44.85)

Electric Water Heater 6.821∗∗∗ (1.324) -3.911 (3.343) -1.973 (2.032)

Electric Water Heater × Family size -0.943 (0.513) 3.987∗∗∗ (1.097) 2.376∗ (1.013)

Heat pump Water Heater 15.23∗∗ (5.730) 7.162 (5.178) 4.569 (19.38)

Heat pump Water Heater × Family size -1.995 (1.202) 1.014 (1.795) 0.306 (6.636)

Solar Water Heater 5.290∗∗∗ (1.583) -1.863 (3.371) -7.582∗ (3.391)

Solar Water Heater × Family size -1.226∗ (0.590) 2.381∗ (1.133) 3.035∗ (1.254)

Two refrigerator or more 3.109∗∗∗ (0.581) 3.333∗∗∗ (0.793) 2.195 (1.609)

Three refrigerator or more 4.355∗∗ (1.540) 2.912 (1.541) 11.67∗∗∗ (3.241)

One freezer 2.771∗∗∗ (0.521) 2.654∗∗ (0.817) -0.00781 (1.164)

Wine cooler 1.296 (1.085) 3.825∗∗ (1.265) 0.110 (1.175)

Electric dryer 2.617∗∗ (0.987) -0.493 (2.031) 1.128 (1.261)

Electric dryer × Family size 0.0798 (0.362) 1.427∗∗ (0.512) 1.132 (0.704)

Washer 2.997∗ (1.351) -0.700 (2.606) 1.134 (1.613)

Washer × Family size -0.462 (0.515) 1.556∗ (0.657) -0.267 (0.759)

Hot tub spa 3.958∗ (1.699) 3.876∗ (1.680) 0.228 (0.795)

Desktop quantity 1.078∗∗ (0.355) 1.208∗ (0.471) 0.162 (0.447)

Small TV quantity 1.386∗∗∗ (0.238) 1.374∗∗∗ (0.396) 1.041∗ (0.445)

Large TV quantity 1.122∗∗ (0.384) 2.186∗∗∗ (0.479) 1.868∗∗∗ (0.516)

Electric vehicle × EV charging at home 3.898 (2.935) 6.306∗∗∗ (1.690) 6.801∗∗ (2.472)

Constant 4.839 (5.395) -9.673 (49.00) -43.20 (57.40)

Observations 29851 16838 11609

R2 0.484 0.474 0.549

Note: Results are based on Model 2, Equation 3.3. Standard errors, clustered by respondent id, are in

parentheses. Insignificant values are omitted from the table. Columns 1, 2 and 3 denote SF households

without PV, SF households with PV and MF households without PV respectively. ∗ p < 0.10, ∗∗ p < 0.05,

∗∗∗ p < .01
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Table A.18: CDA Analysis: Model 3

SF no PV SF PV MF no PV

Window AC quantity 1.837∗∗∗ (0.267) 1.051∗ (0.432) 0.964∗∗ (0.294)

Split AC quantity 1.736∗∗∗ (0.312) 1.409∗∗∗ (0.332) 1.291∗ (0.546)

Central AC 7.634∗∗∗ (1.429) 8.267∗∗∗ (1.427) 4.916∗∗ (1.525)

Ceiling fan 0.237 (0.491) 0.856 (0.967) 1.713∗∗ (0.615)

Portable fan 0.298 (0.585) -2.207∗ (0.926) 0.408 (0.807)

Electric WH 4.254∗∗∗ (0.830) 10.06∗∗∗ (1.913) 2.601∗ (1.238)

Heat pump WH 8.533∗∗∗ (2.220) 7.329∗∗ (2.822) 3.976 (2.625)

Solar WH 2.150∗∗ (0.832) 6.252∗∗ (1.914) 8.405∗ (3.428)

First refrigerator old 1.530∗ (0.726) 0.957 (1.621) 0.712 (0.714)

Two refrigerators or more 3.108∗∗∗ (0.637) 3.391∗∗∗ (0.988) 4.942∗ (2.088)

Three refrigerators or more 5.404∗∗∗ (1.616) 3.185 (2.095) 4.481 (3.764)

One freezer 2.884∗∗∗ (0.555) 2.580∗∗ (0.894) -0.591 (1.074)

Two freezers -0.265 (1.217) 2.616 (1.843) 2.556 (3.742)

First freezer old -0.490 (1.403) -0.315 (2.225) 0.463 (2.152)

Wine cooler 1.217 (1.130) 2.772∗ (1.258) 0.172 (1.149)

Microwave -1.142 (0.813) -1.170 (1.447) 0.135 (0.654)

Electric range 1.145 (0.671) -1.621 (1.428) 3.176∗∗ (1.032)

Electric oven 2.398 (1.430) 1.399 (1.880) 4.843∗∗ (1.849)

Electric stovetop -4.111∗ (2.070) 2.463 (2.892) 1.081 (1.816)

Electric dryer 3.111∗∗∗ (0.659) 4.588∗∗ (1.529) 3.655∗ (1.564)

Washer 2.512∗∗ (0.906) 5.644∗ (2.245) 0.788 (1.159)

Dishwahser 1.110 (0.599) 2.518∗∗ (0.843) 0.119 (0.746)

Hot tub spa 3.233∗ (1.639) 3.492∗ (1.721) -0.429 (0.717)

Desktop quantity 1.056∗∗ (0.357) 1.335∗∗ (0.507) 0.509 (0.381)

Mobile phones quantity -0.147 (0.235) -0.591 (0.532) -1.169∗∗ (0.384)

Small TV quantity 1.542∗∗∗ (0.286) 1.210∗ (0.492) 1.496∗∗∗ (0.434)

Large TV quantity 1.257∗∗ (0.413) 2.452∗∗∗ (0.555) 1.692∗∗ (0.619)

EV at home -1.439 (1.982) 13.75∗∗ (4.975) -1.747 (1.824)

EV and EV charger at home 3.801 (2.348) 5.601∗∗ (1.730) 4.327∗∗∗ (1.142)

Constant 8.073∗∗∗ (2.139) 4.146 (3.822) -2.472 (2.091)

Observations 29851 16838 11609

R2 0.503 0.461 0.584

Note: Results are based on Model 3, Equation 3.5. Standard errors, clustered by respondent

id, are in parentheses. Insignificant values are omitted from the table. Columns 1, 2 and 3

denote SF households without PV, SF households with PV and MF households without PV

respectively. The deviation from mean variables are omitted from the table for brevity. ∗

p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < .01

105


