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Abstract

The optimal management of scarce transboundary water resources among competitive
users is expected to be challenged by the effects of climate change on water availability.
The multiple economic and social implications, including conflicts between neighbouring
countries, as well as competitive sectors within each country are difficult to estimate and
predict, to inform policy-making. In this paper, this problem is approached as a stochastic
multistage dynamic game: we develop and apply a novel framework for assessing and eval-
uating different international strategies regarding transboundary water resources use, under
conditions of hydrological uncertainty. The Omo-Turkana transboundary basin in Africa is
used as a case study application, since it increasingly faces the above challenges, includ-
ing the international tension between Kenya and Ethiopia and each individual country’s
multi-sectoral competition for water use. The mathematical framework combines a hydro-
economic model (water balance, water costs and benefits), and an econometric model
(production functions and water demand curves) which are tested under cooperative and
non-cooperative conditions (Stackelberg “leader—follower” game). The results show the
cross-country and cross-sectoral water use—economic trade-offs, the future water avail-
ability for every game case, the sector-specific production function estimations (including
residential, agriculture, energy, mining, tourism sectors), with nonparametric treatment,
allowing for technical inefficiency in production and autocorrelated Total Factor Produc-
tivity, providing thus a more realistic simulation. Cooperation between the two countries
is the most beneficial case for future water availability and economic growth. The study
presents a replicable, sophisticated modelling framework, for holistic transboundary water
management.

Keywords Cooperation games - Demand curve - Endogenous adaptation - Production
functions technical inefficiency - Stochasticity - Transboundary water management
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1 Introduction

Transboundary river basins should be treated as single units, and be modelled accord-
ingly to maintain the physical integrity of the hydro-economic system and consider over-
all optimum solutions. Water Resources Management and Economics have gone beyond
the traditional approach of monitoring and measuring the spatiotemporal allocation of
resources, costs, and benefits, and seek the optimal way to control and manage systems
in a way that maximizes the users’ welfare under environmental constraints (Gupta et al.
2016). The problem of covering competitive and increasing needs with limited (and often
deteriorating) resources becomes more complicated when considering the broad impacts
of transboundary water decisions on the context of multiple competitive economic sectors.
Additionally, in the coming years, it is expected that the impacts of the changing climate
will stress water balances by reduced water availability and increased demand, sharpen-
ing thus the competition among different water uses and deteriorating the ecological sta-
tus of water bodies (Alamanos et al. 2018; Pastor et al. 2022). The negative impacts of
scarcer water resources on the economic, production, energy sectors, social stability, and
environmental sustainability (Khan et al. 2022a, b; Tang et al. 2022) are calling for multi-
disciplinary solutions. Subsequently, integrated and detailed modelling is increasingly used
in the decision-making process, to provide science-supported policies, especially in cases
where holistic approaches and cooperative management can be hardly found (Uitto and
Duda, 2003).

Game theory has been used to describe the actions of the countries-players (Frisvold
and Caswell 2000; Dinar and Hogarth 2015). Kucukmehmetoglu (2012) analysed the prob-
lem of scarce water resources allocation combining game theory and Pareto frontier, using
also linear programming to maximize net economic benefits. Zeng et al. (2019) proposed
a hybrid game theory and mathematical programming model for solving transboundary
water conflicts, by the optimal water allocation, considering water quality and quantity and
the associated benefits and costs. Menga (2016) highlights the interplay between domestic
and foreign policy for transboundary waters through the example of the two-level game
theory of Putnam (1988). Hu et al. (2017) used the case of hydropower and water supplies
within the water-energy nexus using stochastic competitive and cooperative (Nash—Cournot
model) analysis. However, there are fewer contributions assessing cross-country together
with cross-sectoral water and economic parameters. The aforementioned papers suggest
that future studies need to also include uncertainty in hydrological processes. Indeed, the
consideration of uncertainty for long-term planning is increasingly used in recent applica-
tions (Wine 2019; Kryston et al. 2022), combined with game theory (Bhaduri et al. 2011).
Some examples follow: Degefu et al. (2017) analysed the uncertain characteristics of water
flow in transboundary waters through a stochastic game. A similar analysis was performed
by Janjua and Hassan (2020), who introduced the ‘weighted bankruptcy’ approach which
favors agents with ‘high agricultural productivity’. Jiang et al. (2019) used a stochastic
differential game to analyze transboundary pollution control options, comparing the non-
cooperative and Stackelberg cooperative game pollution results. However, these applica-
tions refer to allocation (resource or pollution) and include only economic extensions, as
add-ons to the main model, while they focus on the one or two main sectors (water users).
In order to better combine hydrological and economic parameters, and increase the number
of different sectors considered, integrated hydro-economic models have been highlighted
as promising tools for science-supported policies (Booker et al. 2012; Alamanos 2021;
Wang et al. 2020). However, the use of hydro-economic models in uncertain transboundary
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management problems (e.g. Jeuland 2010) has been very limited (Tayia 2019), mainly
because of their complexity and data requirements (Alamanos et al. 2020).

This study attempts to build on all these gaps of the literature mentioned, by propos-
ing an integrated approach that considers hydrological and economic aspects (based on a
hydro-economic model), where the economic aspects are emphasized through econometric
modelling, in the context of game theory investigation of transboundary water manage-
ment strategies, under conditions of hydrological uncertainty. The integrated character of
the proposed approach is an added value, which is highly desirable for cross-sectoral trans-
boundary resources management (Bernauer and Bohmelt 2020). We demonstrate how the
potential of hydro-economic modelling to simulate in an integrated and expandable way
multistage stochastic and dynamic processes under uncertainty can fits into the concept of
a transboundary water management-game. The proposed framework combines hydrologi-
cal (precipitation, runoff, outflows from the upstream country, and water stock, stochasti-
cally) and economic components (social benefits, marginal and total costs), considering the
five sectors-drivers of water demand and economy (mining, energy, tourism, residential,
and agriculture), as well as their water demand curves through production functions and
productivity. This study provides also specific modelling advances, as the estimation of
the latter relations has been one of the most challenging econometric processes: Biases,
inconsistencies, and correlation among the regressors (explanatory variables, e.g. capital
or labor, with the error term) often cause endogeneity problems. Traditional approaches
(Olley and Pakes 1996; Levinsohn and Petrin 2003) lack of instruments to control for the
endogenous inputs and suffer from collinearity problems (Ackerberg et al. 2015; Gandhi
et al. 2017). Endogeneity problems are still a challenge for stochastic frontier models in
efficiency analysis, too (Shee and Stefanou 2014). It usually biases the commonly used
tools (e.g. DEA), and Monte Carlo techniques are recently suggested to control the effects
of endogeneity in efficiency analysis and estimates (von Cramon-Taubadel and Saldias
2014; Santin and Sicilia 2017). We present a new estimation method of sector-level pro-
ductivity as an extension of the model proposed by Gandhi et al. (2017), to tackle the exist-
ing limitations, introducing technical inefficiency in production, and allowing for autocor-
relation of Total Factor Productivity (TFP).

The whole framework is tested under a non-cooperative and a cooperative (Stackel-
berg leader—follower) game, considering the agreements (e.g. food or energy trade-offs)
between the upstream and downstream countries, providing thus a direct link to Water-
Food-Energy (WEF) nexus. The transboundary Omo-Turkana River Basin in Africa is used
as an example to showcase the framework, while highlighting the significance and impacts
of proper management of scarce resources to the economic and WEF issues of the area
under baseline and future scenarios. The specific case study results demonstrate the ben-
efits of the cooperation between the two countries towards maximizing the efficiency of all
economy sectors, and prolonging the water resources availability, under varying hydrologi-
cal conditions.

With respect to the novelties of the study, its integrated character and the coupled mod-
elling approach (to our knowledge, no study has combined all the above components in a
single framework), are significant. Also, there are specific modelling advances such as: the
proposed way for the stochastic description of the hydrological components; the connec-
tion of the follower’s reaction to the leader’s strategy, together with the (quantitatively trac-
table) optimization of their objective functions over all possible strategies of the stochastic
game; the realistic production functions estimations, controlling-allowing for endogeneity,
technical inefficiency and autocorrelated TFP. Finally, this study significantly contributes
to the transboundary water management in the African context, where there are limited
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Fig.1 The study area, with the constructed works in Kenya (Gebresenbet 2015

applications (Basheer et al. 2019; Hughes 2019; Mumbi et al. 2021). To our knowledge,
this is also the first study of its kind for the Omo-Turkana basin, with the exception of
Giuliani et al. (2022), which was more focused on the hydrology of the area though.

2 Study Area

The Omo-Turkana (Omo River and Lake Turkana) basin in Eastern Africa is an area of
130,860 km? across Ethiopia and Kenya, and small encroachments into Uganda and South
Sudan (95% of the basin is in Ethiopian and Kenya) (Fig. 1). The water-land uses of the
broader area are agriculture (main use, including livestock), energy production, mining,
residential, and touristic. Lake Turkana receives its inflows from Omo River, which defines
its levels and water quality. Turkana concentrates over 70% of Kenya’s population, relying
on food aid, flood retreat farming along Omo River, cattle-grazing, and fishing (Kaijage
and Nyagah 2010; Reta 2016; Oakland Institute 2014; Anaya 2010). A five-plant hydro-
electric dam cascade is being constructed in Ethiopia (three of them- GIBE I, GIBE II,
GIBE III, are already operating in Omo River) to fulfill energy demand and electricity
export ambitions (Regi 2011; Ficquet 2015).
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The case is controversial as there are studies highlighting the engineering achievement
of the dams’ construction, or criticising it from the ecological point of view (Ambelu et al.
2013). Hydrological studies argue that the impact on the water level of Lake Turkana is
negligible (Yesuf, 2012), or dependent on the rainfall and the lake’s initial level (Velpuri
and Senay 2012), while there are reported phenomena of extreme hunger in the Omo
Valley, attributing it to the GIBE III reservoir which holds back the Omo River’s annual
floods, preventing retreat agriculture for local pastoralists, (Avery 2013) and around Lake
Turkana where people (and ethnic groups) are already fighting over dwindling resources
(Avery 2013; Carr 2012, 2017). In any case, there are transboundary tensions and territo-
rial conflicts/border disputes around the Lake Turkana border, in contrast with the Ethio-
pian agricultural and rural-factories development (Kamski 2016; Sugar Corporation 2019).
Kenya sees the dam construction as growing poverty because of increased water scarcity;
Ethiopia is concerned by land erosion, water access increased poverty, change in liveli-
hood, while points out the positive impact of regulating floods to provide a more constant
water availability throughout the downstream (DAFNE 2019). The broader area was in the
spotlight last year because of the food crisis caused from a historic locust swarm invasion.'

The dams’ construction allows Ethiopia to export electricity to Kenya, Sudan, and Dji-
bouti. This agreement exists only in a form of Memorandum of Understanding (MoU), that
only Kenya’s Electricity Company has signed in 2006 (Eastern Electricity Highway Pro-
ject—construction of a 1000 km power line from Ethiopia to Kenya), while other trade-offs
refer to food production (irrigation and fishing) and tourism (DAFNE 2019). In particular,
the downstream country offers a discounted price for food exports to the upstream coun-
try, in exchange for greater transboundary water flow (and hydropower) that results in a
higher water reserve accumulation and sequentially in a higher production of food (Fig. 2).
The environmental and social impact assessment report was approved in 2012, although it
has been criticised as it was conducted after any objection could be made (Abbink 2012).
Following a World Bank loan of US$684 million (World Bank 2012), construction began
in June 2016.> While the 2016 agreement is not yet publicly available, it is reported that
the agreement will allow Ethiopia to supply Kenya with 400 megawatts of hydropower at
less than 1 US cent/kwh.® However, the hydropower source (or sources) that will supply
this transmission line is not officially stated, although the World Bank modified an official
project report specifying that power would be sourced “from Ethiopia’s GIBE hydropower
scheme”, changing the reference to the dam in its next report instead to “Ethiopia’s power
grid” (AthiWater 2018).

3 Conceptual Framework: Hydro-Economic Model
The situation described is a typical example of transboundary water management problem,

where the links to the WEF nexus are expressed as agreements and social welfare for both
the Upstream (h=U) and Downstream (h=D) countries. Hydrological, economic, WEF,

' Locust swarm: UN warns of food crisis in Ethiopia, Kenya, Uganda, Tanzania and Somalia. (2020, Feb-
ruary 14). Retrieved November 22, 2021, from https://www.bbc.com/news/world-africa-51501832.

2 Kenya-Ethiopia Electricity Highway. (2020, November 18). Retrieved November 22, 2020, from https://
www.power-technology.com/projects/kenya-ethiopia-electricity-highway/.

3 Ethiopia, Kenya to enhance cooperation on energy sector. (n.d.). Retrieved November 22, 2020, from
http://www.china.org.cn/world/Off_the_Wire/2016-06/24/content_38742095.htm.
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Fig.2 Conceptual flowchart with the factors considered and their brief description

uncertainty factors and leader—follower games can describe the general form of the prob-
lem (Fig. 2).

The proposed framework enables the quantitative estimation of the influence of stochas-
tic water resources on transboundary water allocation over multiple (all the five) sectors of
the economy, following a multistage dynamic cooperative game (Stackelberg “leader—fol-
lower”) framework.

Deconstructing the flowchart, the proposed approach is based on the following pillars:

3.1 Water Resources

Hydrological cycle’s components such as water availability, losses, and runoff, that are nec-
essary for integrated modelling often face many data limitations and their accurate simula-
tion is accompanied with many uncertainties. Hydrological modelling itself is not always
enough for their complete and integrated simulation (Van Emmerik et al. 2014). Thus, in
this framework these components are expressed stochastically, by geometric Brownian
motion functions, which have been proved to simulate flows better than other deterministic
models (Lefebvre 2002), and its proportional changes describe the most natural continuous
random movements. Given the different hydrological-social-future regional climate con-
ditions that may affect the flows in the upstream and downstream countries, we provide
the option (and develop the framework accordingly) to use Brownian motions with differ-
ent characteristics in terms of variance between the upstream and the downstream country.
Additionally, this allows to determine how the water abstraction of the riparian countries
will change in the long run, considering the greater variability of water availability caused
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by climate change or other uncertainties. Another benefit of this approach is the ability to
model the water allocation between the upstream and the downstream country, with and
without any cooperation in water sharing, taking into account how uncertainty in water
supply affects the water abstraction rates of the countries, and explore the underlying con-
ditions that may influence allocation decisions. The upstream country has the upper ripar-
ian right to unilaterally divert water while the freshwater availability of the downstream
one partially depends on the water usage in the upstream country.

Following Bhaduri et al. (2011), we consider at first a complete filtered probability
space (L, J, J,, P) for the stochastic water flow. Then the annual renewable water resource
(mainly precipitation) due to the river basin, W,, evolves through time according to the
Geometric Brownian motion:

dw,=c"Wdz), 120 (1)

where 6% is the volatility of water flow in the upstream country,ztw is a standard Wiener
process—standard Brownian Motion, (see also next paragraph).

In Fig. 2, the term losses refer to the natural outflows and evaporation/ evapotransiration

(ET), here denoted by O, which can be formulated by another Geometric Brownian motion:

do,=¢°0,dz%, t>0 2

where 67 is the volatility of the losses and zto a standard Wiener process.
The water availability in D depends on the total water consumption in U and runoff (to
the Lake), denoted by R, which is expressed by a third Geometric Brownian motion as:

dR, = O'RRldzf, t>0 3)

where oF is the runoff volatility and z the standard Wiener process (z z are inde-
pendent Wiener processes).

3.2 Water Demand

As mentioned above, the framework provides the option to use all the involved sectors-
water consumers i (here i=35), and their water use in a way that highlights the scarce char-
acter of the input resource, unlike with previous studies (as in Eq. 4, for the upstream coun-
try h=U):

: .
awl =W, = Y Wl TV <i< TV =125 @)

where Wh is the total freshwater utilization (see Eq. 1) by country U, w 1s the water utiliza-
tion per sector i in U, for a specific time: Th is the end of use (exir) tlme of the i-th sector
of U (Ty=0 and Ts=o0). So, Eq. (4) expresses the water stock (available resources) change
in the upstream country, W for the j-th exit stage.

The stock of water (water storage D =water balance, as in Fig. 2) in country D (i.e. in
the lake), where agricultural products and fisheries are produced, is denoted by S and is
actually based on the general water balance equation: AS = Available—Use + Runoff-Losses.
Thus, Eq. (5) is a function of the stochastic water resources and the control (water use)

4 When an economic sector exits the market as its water demand reaches zero.
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variables:wf’(w’ll, wh..., wé’) per country h=U, D. For the (j,k)-th exit stage of U and D,
respectively, it follows the dynamics:

5 5
ds,, = {W, DI D WREY Ot}dt, TV <t<TY )

with TP <1< TP, j k=1,2,...,5 and S(0)=S, (initial condition).
So, the inverse demand function takes into account the water utilization wff of the j-th

exit stage, and the price of water pj’.‘[ which is the same for the different sectors i:

h
a; 1 " . .
pj'.’t=—’——-wh 7_‘;’_1$t<T]{, i=j,..,5j=12.,5 (6)

h h ir?
b ]

where af.‘ ER, bf.’ > (0 are constant sector-specific parameters that define their water
demand.

The  sector-specific  inverse demand curves are ordered so that
a’l‘ / b’l’ < a’z’ / bg < < ag’ /b", which implies that water demand for each of the five sectors
reaches zero sequentially over time as the price of water increases over time, leading to the
endogenously defined exit times T;’, giving thus piecewise linear demand functions.

3.3 Costs

Water abstraction from rivers may be taken directly from the flowing waters in the channel
(surface water abstraction) or can be achieved through inter-basin flow transfer schemes.
Thus, we may assume that the marginal extraction cost (MC) for the j-th exit stage of the
upstream country is a decreasing function of the available water WY of the form:

MCU(WY) = kY = KYWE, j=1.2,...5 %
where ki], kg > 0 given constants which define the cost magnitudes.

As water becomes increasingly scarce in the economy, the government will exploit
water through appropriating and purchasing a greater share of aggregate economic out-
put, in terms of dams, pumping stations, supply infrastructure, etc. (Barbier 2004). Given
the high cost of building infrastructure and expanding supplies, this will lead to a higher
marginal cost of water. Then the Total Cost (TC) function of water withdrawing wiU from
the river per sector i=j, ...,5, for the j-th exit stage of the upstream country is given by an
increasing function of the water extraction variable:

TCU (WY ! ) = (& = KWIWE, i=j.5,j =12, @®)

On the other hand, D country extracts water from its available stock, thus for the (j,k)-th
exit stage the MC of the downstream country is a decreasing function of the available water
stock Sy (Eq. 9). Similarly, the TC function of water withdrawing wf from the water stock
per sector 1=Kk, ..., 5 for the (j,k)-th exit stage is given by Eq. (10).

MCP(Sy) = k) —kPSy.  jok=1,2,..5 )

TCP (S wy) = (kY — kP Spw?, 1=k, ...5, k=1,2,..,5 (10)
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where kP, kD > 0 given constants.

3.4 Social Benefits

The last component of Figure’s 2 flowchart refers to the Benefits. Since consumers are
deriving benefits from water, the inverse demand curve (Eq. 6) is the marginal social bene-
fit curve. Hence, consider further the benefit of water consumption wf? per sector i of coun-
try h, namely social benefit (SB), as:

vld ’z .
SB(wh) = / L=l |awt = Lt — — . (w)? (11)
i h h i i ho1 h L
o \ b} b b; 25

It is obvious that the benefit function is strictly concave for all possible values of wf.

As mentioned, D country’s benefits occurring from storing water, while U country
receives an additional benefit in the cooperation case, from their agreement, as the net con-
sumer surplus or economic benefit from food (agricultural product and fisheries) produc-
tion. This can be described by a linear function of water stock S;; per (j,k)-th exit stage:

F(ka) =mSy +m,jk=12,...,5, 1 >0, n, €R (constants) (12)

This relation’s form describes these benefits, and allow us to use the coefficient n; to
represent the intensity of the contribution that the water storage of the lake has to the cor-
responding food benefits enjoyed by the upstream country.

3.5 Game

Figure 2 also shows the two game-cases we define, using an inter-sectoral Stackelberg leader
(U)-follower (D) game. Bhaduri et al. (2011) used a stochastic differential Stackelberg game to
produce qualitative results on the optimal transboundary water allocation between an upstream
and a downstream area. The leader (U) applies its strategy first, a priori knowing that the fol-
lower (D) observes its actions and posteriori moves accordingly. In contrast to Bhaduri et al.
(2011), who had to restrict the U’s strategy space to quadratic functions of the state variable
in order to obtain a sub-optimal qualitative solution of the problem, we maximize the leader’s
objective function, using the D’s reaction strategy, over all possible strategies to provide an
optimal solution of our stochastic game problem that is also quantitatively tractable. Assuming
that both countries use Markovian perfect strategies, since all model coefficients are deter-
ministic functions of time, a subgame perfect equilibrium and an equilibrium set of decisions
dependent on previous actions are defined. These strategies are decision rules that dictate the
optimal action, conditional on the current values of the state variables (e.g. water resources of
U, water stock of D), that summarize the latest available information of the dynamic system.
The following sections analyse the two cases of the game.

4 Non-Cooperative Case
In the case of a non-cooperative framework, where there is no agreement between the two

countries regarding either water or food sharing, the benefit maximization and the impact
on water balance is presented for each country (hydro-economic model).
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4.1 Upstream

The upstream country chooses the economically potential rate of water utilization that
maximizes its own net benefit (NB) per j-th exit stage:

5 5 ]
= X SBowY) - ZiijcU(WjU,wff), =125 (13)

Thus, U country’s maximization problem is based on its net social benefit (J].U) of the
j-th exit stage (j=1,2,...,5), and is formulated as follows: '

5 T/
= max ZJU = max Z { / e"’NBUdt}

wl wt = 7Y,
5 TY 5
_ —rt U U U
=max Y E {fe > [s8E (wl) = v (whw ,)]dt}
j=1 T i=j
5 TJU 5 av
— —7i i U U\2 U UwU U
_nﬁxZE{{e » [b_luw 2bU L+l = (kY = K th)wit]dt}
Jj=1 T i= LY

(14)

Which subjects to the renewable water (precipitation) in U (Eq. 1), and the water stock

change in U (Eq. 4). An explicit solution of this stochastic control problem via a decou-

pling method for forward-backward stochastic differential equations (FBSDEs) is analyti-
cally derived in Appendix A.

4.2 Downstream
On the other hand, the water consumption/production of D depends on the inflow from U,

and the runoff generated within the country’s share of the water stock in D (Fig. 2). Based
on the given water availability, D maximizes its NB per exit stage (j,k) as:

NBD = ZlkSBl< ) ZlkTCD(SJk’ ﬂ) k=1,2,...,5 (15)

Thus, putting together Eqgs. (11), and (10) in the above relation, the maximization prob-
lem of the net social benefit (JjD) of the j-th exit stage (j=1,2,...,5), is:

5 5 —rtnyRD
» _n‘:,anZk 1ZJ ik T %XZk=le=lE{/{Tju_lst<T}j}ﬁ{TE_lSl<TE}e rNBjkdt}
_ —rt Zl kSBl ( lt) dt
maXZk IZJ ! {/ {10, <<tV {2, <t<TD}e [ lekTCD( ko Wi )

aP
maxz Z / eIt Zl k(bD Wit ™ ZbD ) Jlt))
k=1 =1

D D
{19, stV {10 <1<TP) -(kD -k Sjkt)ZI L Jh

(16)
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where JD represents the downstream country’s net social benefit of the (j,k)-th exit stage,
j» k=1, 2 .5, and w; —(wl e wgt, 511) is the sectorial water extraction vector for D.
This relatlon subjects to the river basm annual renewable water resource Eq. (1), outflow
Eq. (2), runoff Eq. (3), the upstream area water resources Eq. (4), and the stock of water
(state variable) in the downstream area Eq. (5). The analytical solution of this stochastic

optimization problem can be found in Appendix A.

5 Cooperative Case

In this case the agreements described earlier apply, so the formed Stackelberg game deter-
mines the inter-sector optimal water allocation between U and D countries. First, we find
the solution to the follower’s (D) problem of maximizing a payoff function, and then, using
D’s reaction strategy, we maximize the U’s objective function.

5.1 Downstream

Receiving now hydropower benefits, denoted by a variable hydro from U at a discount rate
and given its announced intersectoral water abstraction policy w; —(wl " wgkt,..., wsUk ) per
(7.k)-th exit stage, the follower D is faced with an optimal water management problem as in
the non-cooperative case, i.e., maximise Eq. (16) augmented by hydro subject to the state
Egs. (2)—(6). For every j, k=1, 2, ..., 5, the (j,k)-th exit stage Hamiltonian of the system
is also given by Eq. (A.14), whose necessary optimality conditions Eqs. (A15) and (A16)
result in the optimal water allocation path of Eq. (A17) and in the same FBSDEs system
which will constitute a state system for the upstream country, too.

5.2 Upstream

U receives now food benefits from D as in Eq. (12), and its NB function (Fig. 2) is given
by:

5 5 .
NBY = ¥ SBY(w,") +F(S;) - ZiijCU<WjU, WiU),J,k =12...5 (7
Therefore, U, anticipating the D’s optimal response as analysed in the previous case,

chooses the optimal water abstraction vector process wl = (w{], wg ) ey wg) under coopera-
tion by solving the maximization problem:

5 5
—max max ) E / e ""NBYdt
w2 T e L T { (1 astyjop sty
5
maxz:5 25 E et Zi:jSBiU(WikrU)-'_F' (Sjkt) dt
U ddj= ) A =1 ) -3 TCU(WY,w
W {10, st {12 <isr?) 2 i Wi

5 5 25 (aiWU (W 2) )
—rt i=i\ pU 2b”
nz,auij:IZkzlE/ ¢ ' dt

(st o (12 it +1y Sy 11, — (K] = kf/WU)Z Wi

(18)
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subject to the state equation subject to the river basin annual renewable water resource
Eq. (1), the upstream country water demand Eq. (4), the runoff Eq. (2), the outflow Eq. (3),
and the Hamiltonian FBSDEs state system of the downstream country, Eq. (A18). In
Appendix B one can find an explicit solution of this stochastic maximization problem.

6 Econometric Model: Production Functions Through Stochastic
Frontier Estimation and Water Demand Curves

The hydro-economic model shows how all parts of the economy—in our case the sectors
(agriculture, residential, mining industry, energy production, tourism) are based on water
use directly or indirectly, so are the benefits of U and D. Water is an input (as well as
labour, capital, natural capital, etc.) for the production process, hence the inverse demand
curves we imposed in Sect. 3, as a way to express the input price-quantity relation. The
marginal contribution of water in consumption and production of each sector, can be
obtained if in Eq. (6), we collapse all variables, except of w;, to their means (ceteris pari-
bus). Then we will have a relation of the form p;, =}j(wi), where j‘: expresses the maximum
Willingness-To-Pay (WTP) by sector i for each unit of water, in a price p;. The integration
of this curve will result the SB of each sector.

We propose a stochastic frontier model and a typical quadratic production function, the
form of which remains unknown (Brems 1968). Copulas are used to estimate non-paramet-
rically the dependence between the endogenous regressors and the composed error terms
directly, and thus the marginal product function of our hydro-economic model without
biases. Bayesian analysis is performed using a Sequential Monte Carlo/Particle-Filtering
approach for the computations (Tsionas 2017; Tsionas and Mamatzakis 2019; Tsionas and
Mallick 2019, see Appendix B).

Consider the following stochastic frontier model for the production function(s):

Vi = X i)+ vy —u,, i=1,...,nt=1,...,T (19)

where y;, is the output of sector i in time 7, ¢() is an unknown functional form, z; isa p X 1
vector of exogenous inputs, x;, is a p X 1 vector of endogenous inputs, f is a d X 1 vectors
of unknown parameters, v;, is a symmetric random error, u;, is the one-sided random distur-
bance representing technical inefficiency.® We assume that z;, is uncorrelated with v;, and
u;, but x;, is allowed to be correlated with v;, and possibly with u,,. This, of course, gener-
ates an endogeneity problem. We also assume that u;, and v;, are independent and leave the
form of u;, unrestricted. The model can be easily extended to the case of exogenous (envi-
ronmental) variables are included in the distribution of technical inefficiency (e.g. Battese
and Coelli 1995; Caudill et al. 1993). To address the endogeneity problem, we propose a
copula function approach to determine the joint distribution of the endogenous regressors
and the composed errors that effectively capture the dependency among them.’

5 As analysed in Sect. 3, the inverse demand curve (Eq. 6) is the marginal SB curve.

® The production function used to express the “maximum” output that can be obtained from any fixed and
specific set of inputs and describes how inputs are transformed into output. As in reality, cases of reducing
outputs by inefficient management (getting less output from its input than the maximum), are considered, by
the concept of technically inefficiency (Shephard 1970; Saari 2006, 2011), as an one-sided random distur-
bance.

7 Independent and Identically Distributed (probability distribution).
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We first assume that v;,~ii.i.d.N(0,02) and u;~ii.i.d.|N(0,c2)|. Then the density of
£, =V, —U; =Yy, — @x;, 2;:0) is given by:
® 2 (& G
g = | filew+ufwdu, = =2 )o( = 20)
0 c' \o o
where 6% = 62 + 62, A = 0,/0,, p(-) and ®(-) are the Probability Density Function (PDF)
and cumulative distribution function of a standard normal random variable, respectively.
To avoid the non-negativity restrictions, we make use of the following transformation:

A = log(4) ands? = log(c?). Let 0 = (f, 1, 6'2)I then the conditional PDF of y given x and
z is:

fOulxyz) = %¢<M)¢(__i@ - (p(x,»,,z,-,;ﬁ))) (1)
c c o,

and conditional log-likelihood is then given by:

logl(®)= Y " logf(5,i61x.2) @)

From the estimated production function for each of the two countries (considering
regional differences in productivity) we can easily obtain their corresponding marginal
product function, which is connected with the water use (W?) input variable via Eq. (23)
(see first paragraph of this section). Consequently, the derived demand curve for water of
the producer is represented at Eq. (24):

Marginal product = a + f - wi’ (23)

w? =a+b - price 24)

where a,p are water demand parameters (coefficients) of each sector and b water demand
price elasticity, estimated as:

d(W?,) ) price
d(price) wlﬁt

price elasticity =

(25)

As mentioned, copulas will determine the joint distribution of the endogenous regres-
sors and the composed errors that capture their dependencies (Nelsen 2006). In Appendix
B we scrutinise this concept, taking the function () as given, and we elaborate on the
dynamic latent productivity.

Overall, the proposed methodological framework allows to assess multiple economic
and social parameters, for all different economic sectors, with their dependance on vari-
able water resources. The knowledge of the trade-offs among these factors is crucial for
identifying the best management strategies. The societal implications are expected to be
significant, as conflicts between neighbouring countries can be avoided by following more
reasonable practices. Moreover, the ability of the adaptation of the best practices according
to the strategy followed by the neighbouring country is expected to be particularly use-
ful for the economic stability, for any region, but especially for the study area: The Omo-
Turkana river basin is historically facing transboundary management problems and cross-
sectoral conflicts, and is to our opinion an overlooked case in terms of scientific-supported
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policy-making. In the near future such problems are expected to get worse due to more
challenging climatic conditions that affect the hydrologic variability (Sidibe et al. 2020).
Thus, it would be highly valuable to consider tools able to estimate and predict with detail
hydrologic, economic, and policy parameters, under such uncertain conditions.

7 Results and Discussion
7.1 Production Functions and Water Demand Functions

In this section we present a simple nonparametric estimation of the production function
per sector in Ethiopia and Kenya. Human input (labour, machinery), land, and ecosystem-
based inputs need to be accounted in production function estimations, which lead to the
integrated hydro-economic modelling (the existence of natural capital® is necessary to
characterise water resources in each country). For each sector involved data on Natural
Capital were collected using Environmental Indices (EI) as approximations of both qual-
ity and quantity, indicatively shown in Table 1, in detail described in Appendix D. The
Eora global supply chain database consists of a Multi-Region Input—Output table (MRIO)
model that provides time series of high-resolution Input—Output (IO) tables with match-
ing environmental and social satellite accounts for 190 countries (35 types of EI air pollu-
tion, energy use, greenhouse gas emissions, water use, land occupation, N and P emissions,
etc.). 16 IO tables, each for the period 2000-2017 for Ethiopia and Kenya were used.

The results of the nonparametric estimation are presented below (Table 2), following
the Copula function approach and production frontier analysis, described in the previous
section. From the estimated production functions we can easily obtain their corresponding
marginal product function, which is connected with the water use input variable, according
to Eq. (23) (see also Fig. 5). The estimated o, } parameters have the expected signs, which
define the form of the demand curves.

Regarding the price elasticity, which is also presented in Table 2, based on
Eqgs. (24)—(25), as expected, all sectors are exceptionally inelastic to a price change for
water use (price cannot affect water use). Agriculture seems to be perfectly inelastic to any
price change, which means that in both countries the demand will remain stable for any
price change. This implies an extremely strong relationship between the input (w;) and the
corresponding crop output, since the producer lacks alternatives, actually depends on the
scarce water resources, which is highly valued. These well-known findings that are con-
firmed by our results, strengthen the validity of the proposed framework.

The respective demand curves (Eq. (24)), provide an ordering of these sectors via their
demand function intercepts (Fig. 3). Sequential “exits from the market” are defined by
the relative importance of sector-specific demand parameter ratio a, with a=o/p. As w;
reaches zero sequentially, its price increases revealing producers’ preferences for water
use. At these prices, in Ethiopia, Tourism sector should exit the market first followed by
Residential and Energy sectors, while in Kenya, Mining would exit the market first trailed
by the Tourism sector. Moreover, mining producers in Kenya value higher the water than
in Ethiopia, and that happens because Kenya relies strongly on groundwater for mining

8 Natural Capital is linked with its Ecosystem Services (ES), e.g. provisioning services (water, food), regu-
lating services (flood prevention, erosion control), supporting-habitat services (biodiversity), cultural-recre-
ational services (tourism). Based on these categories we selected the factors per sector.
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Table 1 Factors (data) used per sector

Sector Factors (with the necessary input information)

Agriculture Land use (agricultural area, arable land, permanent crops,
total area equipped for irrigation), forest
Soil erosion/degradation
Agricultural production, fishery production, aquaculture
production
Use of pesticides /fertilizers
Raw materials (biomass)

Energy Energy for renewable resources

Dam capacity
Mining Raw materials (construction material, and total fossil fuel)
Tourism International tourism,

Expenditures

Number of arrivals
Terrestrial Conservation Areas

Residential Water Supply Access to clean water

Note: All EIs were converted to same scale and units through normalization (log means)

Table 2 Parameters a, § and price elasticities per sector

Mining Energy Tourism Residential Agriculture

Empirical results: § parameter for each sector

Ethiopia —0.0010 —0.0014 —0.0012 —0.0013 —0.0000321

Kenya —0.0011 —0.0013 —0.0010 —0.0015 —0.0000319
Empirical results: o parameter for each sector

Ethiopia 1.80 1.73 1.48 1.65 1.48

Kenya 1.54 1.70 1.56 1.77 1.56
Empirical results: water price elasticity for each sector

Ethiopia —0.099 —-0.131 —0.096 -0.116 —0.003

Kenya —0.092 —-0.120 —0.085 —0.143 —0.003

production. In both cases, in case of river/lake depletion, agriculture sector should be the
last one to exit the market, since it is valuing water use more than any other sector.

The water price elasticity (Eq. 25, b) sampling distributions tend not to vary signifi-
cantly between the two countries (Fig. 4). Except of the Ethiopian residential sector’s
distribution which seems like a normal distribution, the others slightly diverge from the
normal distribution at their tails, showing disorders during extreme cases. None of these
means is the mode of the distribution as well, although the chasm between those values
is not notable. In economic terms, the elasticities for water demand in each sector do not
deviate remarkably, letting so similar behavioural patterns to be observed in each sector
across the two countries.

The second parameter of the inverse demand curve is the constant term (o), which is
responsible for the starting point of the demand curve, revealing the stakeholders’ WTP
per sector. Figure 5 shows the distributions of constant terms of the inverse demand func-
tions and interestingly we can see that in most cases the WTP for water use in energy sec-
tor is greater than the corresponding one in agriculture and tourism, which implies greater
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Fig. 3 Water demand curves per sector for each country

profitability in energy sector. Additionally, in terms of WTP, mining sector in Ethiopia,
which follows a leptokurtic distribution seems to be the most stable one. The technical
inefficiency parameter u; (Eqs. (19) and (33)) shows how (in)efficiently the water-input
is transformed into production output (Fig. 5). Mining and Residential sectors in Ethiopia
follow exactly the same distribution with a positive skew to the right. Energy and Tourism
in both countries, u;, has two district peaks (bimodal distribution), which indicates that in
these sectors there are two groups of producers: some of them achieve to maximize their
outputs given their inputs, while some others do not with technical inefficiency taking
greater values than the former group. However, it is noteworthy that Energy sector is more
technically efficient compared with Tourism, since the lowest peak of Tourism is as great
at the biggest one of Energy sector.

All the above ‘clues’ derived from the two graphs, justify the proposed framework
in terms of selecting a multi-sectorial approach, and introducing the term of technical
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inefficiency. Those novel elements give a significantly added value compared with the
more ‘narrowed’ approaches so far.

7.2 Games Under Uncertainty

Historical hydrological data of the basin (e.g. precipitation, runoff of the Omo River to
Lake Turkana, and evaporation/ ET), can be used to estimate their corresponding histori-
cal volatilities, o, as in Egs. (1)-(3), and storage of the lake, as in Eq. (5), while pumping
costs per country can be used to represent water tariffs (detailed data and parameters of
the solved models can be found in Appendix D, Table D.2). Subsequently, the stochastic
optimization hydro-economic model, for both game cases can be solved with the described
decoupling method for linear FBSDEs (Sect. 3). For the sake of scale consistency, the
optimal water abstraction and the resulting NB are presented via the percentage of the
water availability inside the river basin over the total water availability of each of the two
countries.
Regarding the game, both players have two available strategies:

e myopic (the country follows short-term water exploitation, without considering the
benefits coming from the natural resource sustainable use, i.e. from the river for U and
from the lake for D): A myopic strategy amounts to the depletion of the resource that
is owned as a common property. In the myopic equilibrium, the marginal benefit of
the water use equals current marginal extraction cost, ignoring the water scarcity rents
(conventional user costs) that represent instantaneous benefit of foregoing water extrac-
tion currently as a means of reducing future extraction costs. Analytically, the NB func-
tion is maximized without taking into account the constraint imposed by the resource
(state) equation.

e non-myopic (consider natural resource and long-term plan—preservation benefits). In
a non-myopic strategy, the marginal benefit of the water use equals current marginal
extraction cost plus marginal user cost (as defined above). Analytically, the NB function
is maximized subject to the constraint imposed by the resource (state) equation.

7.2.1 Non-Cooperative Case

The optimal scenario would be a Non-myopic—-Non-myopic combination, where the lake
runs out of water after 33 years, while the worst-case scenario in environmental terms is
realised when both countries follow a myopic strategy, where the Lake Depletion Time
(LDT) is 15 years, accompanied by lack of trust, institutions bridging the limited dispos-
able information, or a limited technical support (Table 3).

Although Kenya on average seems to gain more at the myopic case, the total losses
of that strategy surpass the gains, as for fifteen more years it could have an average net
benefit equal to $2.2543 107, while from the myopic perspective it is zero. So, if Kenya
(D) controls its water use over time (non-myopic), it can increase its total benefits from
$743,919,000 to $1,321,810,000 no matter what Ethiopia decides, while in the myopic
equilibrium it gains only $342,435,000. At the same time, Ethiopia (U) has every time
higher NBs in the non-myopic strategy. However, Ethiopia’s negative externalities to
Kenya in the event of both following the myopic strategy can be seen at the LDT (in half of
the time compared to the non-myopic strategies).
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Table 3 Non-cooperative case

. . Downstream Upstream (Ethiopia)- U
for myopic and non-myopic
combinations (Kenya)- D Myopic Non-Myopic
Myopic NB, = $1.5191 - 10° NB, = $1.4635 - 10°
NBj = $2.8429 - 107 NBj, = $5.747 - 107
LDT = 15.49 years LDT = 23.62 years
Non-Myopic NB, = $1.5188 - 10° NB, = $1.4637 - 10°
NBj = $1.5141 - 107 NBj, = $2.2543 - 107
LDT = 22.85 years LDT = 33.35 years

NB values represent the average value of the economy as long as there is water. Ethio-
pia’s benefit curves are the average of a 200-year period, where there is no sector exit,
while Kenya’s benefit curves are the average of 15- to 33-year period, until the point, where
first all sectors leave, and the lake depletes. Hence, in myopic-myopic combination, the
16" year in Kenya is characterized by zero SB and costs, while all the demand for goods
and services is met by imports.

The water use of all sectors in both countries (Fig. 6) is characterised by increased rates
and faster depletion in the myopic-myopic case, compared to the non-myopic—non-myopic
one. Kenya’s water use becomes zero at the LDT (15.5 years for the myopic-myopic and
33.4 years for the non-myopic—non-myopic case). Ethiopia’s time horizon is 200 years, to
indicate the lack of limitations on water reserves of Omo River.

7.2.2 Cooperative Case

In this case that the players benefit from their goods’ exchange, NBs are higher for both.”
So, the most crucial concept is relative efficiency. After a three-case numerical exploration
of n, coefficient of Eq. (12), for a number of periods, it seems that the lake does not deplete
under the cooperative case. This very promising outcome is important for both countries,
because since they trade, there is interest in the sustainable development of the neighbours.
Table 4 presents the indicative results of the solutions in terms of maximized NBs and lake
depletion times.

Apparently, for all possible outcomes given the preferences of Ethiopia, NB are out-
standingly greater than the non-cooperative case (Fig. 7—indicatively for the least possible
rate of 1;), not to mention the sustainability of the lake (LDT =never). Thus, indisputably
the cooperative is the best strategy, and the more beneficial for both players as n; increases.

In this graph, Ethiopia realises the upcoming benefits coming from giving up a con-
siderable amount of water in exchange of food supply produced by the downstream coun-
try. In response (reaction), Kenya significantly increases its water use over the years, to
increase production. Moreover, the total water use of both countries in the cooperative case
is less compared to the non-cooperative (Kenya’s peak in the 20™ year is seven times less
than Ethiopia’s maximum use).

® As Ricardo showed 200 years ago, even if e.g. Ethiopia, can produce all goods and services cheaply than
Kenya, they can still trade under conditions where both get benefited.
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Fig.6 Total water use for the two extreme strategy-combinations

Table 4 Cooperative case: a numerical simulation of different n values to optimize NB

Cooperative Case: Cooperative Case: Cooperative Case:
Optimal Optimal Optimal

(m, =0.7) (m, =0.8) (m, =0.9)

NB, = $24.075 - 10° NB, = $30.992 - 10° NB, = $39.74 - 10°
NBp, = $3.8182 - 107 NBp, = $4.0333 - 107 NB, = $4.0388 - 107
LDT = Never LDT = Never LDT = Never

7.3 Uncertainty Effects

As analysed, the impact of altering the volatility of the hydrological variables, will affect
both water stocks and NBs. The comparative results for the non-cooperative and coopera-
tive cases, are presented in Table 5, for the maximum observed historical changes.

In the non-cooperative case (Fig. 8a, b), Kenya tries to adjust its water consumption due
to the increased outflow volatility (so to save water). In the cooperative case, no country
changes its behaviour, as there is no risk of drought due to mutual assistance. Ethiopia’s
water consumption (Fig. 8c, d) tends to zero, indicating the short-term planning. In coop-
eration, the behaviour is almost the same, allowing the trades, and NBs are also higher
compared to the non-cooperative case. That difference would be enough to motivate both
countries to keep on trading even under extremes. Although runoff decreased (Fig. 8e.f),
NBs and water consumption do not change significantly. Under cooperation, even with
uncertain runoff, Ethiopia and Kenya can continue to use almost the same water quan-
tity, unlike to the non-cooperative case, where Kenya slightly reduces its water use, to gain
$2,002,000 more, but the lake depletes earlier than the BAU scenario.

In the studied basin, the life-dependance between water resources and survival (not just
economy) is well described in the demand curves. This mandates a rational and sustainable
water resources management that will lead to overall optimum results. Having scientific
support from integrated and sophisticated tools that will provide detailed estimations of
water availability, demand per sector, production, costs and economic benefits, as well as
the interactions and responses of the “game players”, is crucial (Loucks 2021). The results
also indicated the most vulnerable sectors for each country, and this can be generalised
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Fig.7 Total water use in for the best non-cooperative case versus the cooperative case (for the lower 1)

easily, having thus significant policy implications: It can assist decisions on what sector
will be prioritized or not (exiting the market, as shown), and how the others will respond in
order to maximize their benefits. In this particular case, we see that under any conditions,
cooperation seems to be a win—win sustainable strategy, for both countries, environment,
and economy. Furthermore, in case of river/lake depletion, agriculture sector that values
water more compared to the other sectors would be the last one to exit the market. The
technically efficient and inefficient sectors are also an important output that should be con-
sidered in policy-making, as it directly indicates the ‘stability’ of each sector, their ability
to transform the water inputs into production outputs, and how uniform this is among the
different producers per sector (Song et al. 2018; Lombardi et al. 2019; Tsionas and Mal-
lick 2019). While there is no one-size-fits-all approach for how to exploit these findings
for maximizing the overall benefits, cooperation seems to be a necessary initial condition
to build on it and achieve sustainable growth. The results are in agreement with previous
studies, showing the importance of cooperation, mutual investments and shared economic
benefits, especially important for downstream countries (Vinca et al. 2021). Dinar (2009)
argues that under increased water supply variability, cooperation should be preferred to
address the risks, and this is now proved. An international agreement would strengthen
this strategy, because at the time any trade-offs depend on governmental decisions. Hydro-
logical uncertainties put into risk most cooperative decisions: Dinar et al. (2010) found
a bell-shaped relationship between water supply variations and cooperation agreements;
Ansink and Ruijs (2008) also demonstrate that a decrease in average river flows reduces the
stability of an agreement, while an increase in variance may have both positive and nega-
tive effects.

8 Conclusions
In this work, a framework for scarce transboundary water resources management was
presented. Game theory, hydro-economics, and econometrics were combined to explore

the optimal strategies in environmental and economic terms, while the whole system was
tested under hydrological uncertainty.
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Fig.8 o variability’s effects on Kenya’s water use (first row), oy, variability’s effects on Ethiopia’s water
use (second row), o variability’s effects on Kenya’s water use (third row): Comparison of non-cooperative
non-myopic—non-myopic (left column), and cooperative case (right column)

The conceptual framework is quite simple, while the analytical solution is provided, to
make possible its replication. It is based on the principles of water balance, marginal and
total costs, net and social benefits, while a novel element was the stochastic considera-
tion of its hydrological components. The stochastic Stackelberg differential game approach
was successfully applied and enabled the evaluation of numerous potential strategies. The
econometric model’s contribution is also deemed essential for planning, as it provided pro-
duction functions for all sectors for both countries, which was expressed as their social
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benefits, and the derived water demand curves. A novel mathematical approach was dem-
onstrated to address the endogeneity issues of the production functions’ inputs, combining
different tools, in order to provide a realistic representation of the problem. As said in the
previous section, the findings that can be derived from the results of the technical inef-
ficiency in water use, and the participation of all the five sectors of the economy, could
not be obtained with any previous approach. The management insights that a policymaker
can consider from the results are very important both in the short- and long-term planning.
The conceptual hydro-economic model, with the game cases under uncertainty that we pre-
sented, completes the integrated character of the proposed framework. The present paper
provides a case-study specific application of the developed framework, which however, can
be easily modified (e.g. assuming more water sources, more or different sectors, decentral-
ized water management decision allowing more interactions, etc.). The novel character of
this contribution is based on its detailed hydro-economic/ econometric and sophisticated
mathematical modelling, which identifies easily the most solid and “win—-win” manage-
ment strategies, supporting thus sustainable decision-making and planning. In the future,
we aim to further test the developed methodology in other contexts and case studies, com-
pare and potentially generalize the findings.

A limitation of this study is that we were not able to present in detail all models used,
given the length of the paper. However, the mathematical expressions presented in the main
text and the Appendices allow the replication of the modelling framework. Another limita-
tion is that we analysed the five economic sectors—same for both Kenya and Ethiopia. In
our case, this was not a big assumption, because the two countries have similar characteris-
tics in terms of their economic development. If the framework is applied in other contexts,
then the sectors considered can be easily modified. Integrated modelling needs integrated
data—a challenge for any integrated assessment. The data used are presented in detail in
Appendix D. While the aim of this work was to demonstrate the proposed framework,
rather than a case-study application, it is worthy to mention some specific conclusions: The
analysis proved the vital role of water resources to any continuation and development of the
economic activities. It is well known that as the price of a good rises, buyers will choose to
buy less of it, and as its price falls, they buy more: as water price increases over time due
to water scarcity, the demand for all economic sectors reaches zero sequentially. The way
this finding was proved (showing also the ordering of the sectors who will reach zero) is
a novel element, and combined with the examined game strategies, it is proved that under
any circumstances, cooperation is the overall optimal strategy. Under cooperation scenario,
the upstream country realises the upcoming benefits coming from giving up a considerable
amount of water to the downstream country, in exchange of their produced food supply,
over time. The reaction of the downstream country is the increment of its water use to
increase production. So over time, it turns out to be more profitable for both countries the
case where the downstream one uses more water than the upstream, which currently seems
utopic. A swift in selfish and opportunistic mindsets is required, so both countries can
secure a future water availability, sustainable access to the input resource-driver of their
economic growth, and exploit the mutual benefits of cooperation and collaboration.
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Appendix A

Non-Cooperative Case
Upstream

The Hamiltonian for the j-exit stage is:

5 U
a. 1
viwy Ualv) = iU U2 U_ L UwU\. U
H; (th, ],,...,WS[,A].[)—Z [b—UW 2bU -(wy) —(k — k! th>witl
i=j i

Ul wU vl
+ A0 let - Zwﬁl =125
i=j
(AD)

where /lU is the j-exit stage adjoint variable that represents water scarcity rents for U coun-
try. The" necessary conditions for the optimality are given as follows:

OHj’ aiU 1 U_ Uyl U

—L =L Yo (B —kWY) =20 i=jinS, j= 12,005 (A2)

owV Y bU
it i

U aHU U U U
dil = |- U+,1 [kz wl[+r/l] (A3)

The first optimality condition gives:

wl = aV —bU(kU—kUWU) bUAY, i=j..5 (A4)

it gt?

Then substituting to the state equation (Eq. 4), we have:
U U Uy U Uy, U S U, uN? U
det [ -k (2 D )W + (Z b, )A +W, - Zi=jai + k5 Zi:jbi ]dt (A5)
while substituting to the adjoint Eq. (A3) we have

2 5
dil =~V (bl W+ [ (X )+ r| A kD oV + k0D Y Yt
(A6)
Setting A 2 2 Z,f a? and BV £ 3> bU we obtain the forward—backward stochastic dif-
J i=j"i

ferential equatlons system (FBSDEs):

v_ [ L upuwU | pUu,U _ AU, L URU
dwy = [-kVBYWY + BV + W, — AV + KBV | ar,

2
di = [~ (k0)BYWY + (KUBY 4 r)AY = kVAY + kUKUBY ar, (A7)
Woo = wo, lim A5/ = 0,j=1,2,...,5

To solve the above system of FBSDEs we impose a solution of the form:
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Al =NJWI M i=], .5 (A8)

where N][t] and M].lt] are stochastic processes to be determined. Taking differentials, we have:
U _ wU U U U U _ wU nU U
ddjy = Wi dN;p + Nip Wy, + dM; = Wi dN;, + dM;

2
U(nU UpUnUTwU o pUNU U U | L UpU| AU
+ {[Bj (NY) = KUBINZIWY + BINIMY + [W,-AY + K/BY | N }dt
(A9)

while from the backward equation of the system (Eq. A7) we have:

U _ UnpU U U\2pU U UnpU U UAU ULUpUu
da = ([(KBY +r)NY = (k)"BYIWY + (KUBY + )My = KVAY + KUKV BY ot

(A10)
Sufficient conditions for the last two relationships to be equivalent are:
2
U _ U nU UpU U U\2pU
dNY = [—Bj (NV) + (2K0BY + 7 )NY = (kV)"B! ]dt,
(A11)
limNY =0
=00 Jt

which is a Backward Riccatti Equation (BRE) that can be solved numerically for letjx
And.

v_[({_puxt , LUunUu v _ AU L URUNNU _ UAU 4 UL URU
amf = [(=BYNY + KBV + r )M = (W, =AY + KVBY INY — kY + kUKVBY |di

}iToMf[tj =0,j=12..,5

(A12)

Substituting the linear solution form of Eq. (A8) to the forward equation of the FBSDEs
system:

u_|[{_,U U \pUwU UpU — AU 4+ kUBU
dwy = [( ky +th>B.nth TByM W= AP +IG By d (A13)

Which is a forward linear SDE that can be solved for W}f Then the backward adjoint
variable /ljlf follows from Eq. (A8) and the optimal water use ijtI follows from the optimal-
ity condition (Eq. A4).

Downstream

The maximization function, as described in the main text (water balance concept) and also
shown in Fig. 2, it subjects to water balance of U, the runoff in D, water stock of D (state
equation), and the water use of D. For the (j,k)-th exit-stage, we have the Hamiltonian:
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D
D D D 5 {9 p 1 2
H, (S,k, Wiggs -+ W/St, ﬂ]kt) = Z[:k [ﬁww - ﬁ (W,D,,)

D D
=y - S/kf)ZI kWJDer‘/kr[ Z i=j tt Zz kwjlt +R -
jk=1,2,..,5

]’ (A14)

where /lf,’d is the (j,k)-th exit stage adjoint variable that represents water scarcity rents for D.
The necessary conditions for optimality are given as follows:

aﬂﬁ a’ b (kD _Ds, ) a0
=1 - — . wP— (kP —«kPs. A =0,1=k,...5,j,k=1,2,.,5
D D D 1t 2 1 2jkt ikt DREITRNEY §) 5 Ly eey
owh  b> b ]
(A15)
D aHD D D D
= | =g+ = A, = [~k wh 4 Ja (al6)

From the first condition we have that:

wh = al =bp (K = kSy,) =A%, 1=k..5andik=12,..5 (Al7)

Setting again A.U = Z;aiU and BIU 2 Z,—;,-b,-U’ the water storage state Eq. (5), and the
adjoint equation Eq(A16) are reformulated as:

dsy, = [ KPBDS, + BDAD, + W, - Z;w;’ +R —0,— AP + kg’BkD]dz
dif, = { ~(K0'BDS,, + (PBD + )8, — KPAD + KPIE B b (A18)
So00 = Sos [l_iﬁ/ljkt =0,j,k=1,2,..,5
To solve the above system of FBDEs we impose a solution of the form:
Aty = Nig Sy + M3, (A19)

where ND and MD are stochastic processes to be determined. Taking differentials in Eq.
(A19), we have

D D D D
d/l]kt S/kth]kt + letdS]kt + dM]kt
_ D D D (D DD D
= S dNy, +dMy, {[B <1ijt> - k{'By Ny Sj + By N/ktM/kt (A20)
[ Z wn +R,—0,— AP + kDBD] Jkr}

while from the backward equation of the system (Eq. A18) we have:

dil, = {[WDBD + rNE, = (K2)'B|Sy, + [0BD + r|ME, — kAP + KPKDBY b
(A21)
A sufficient condition for the latter to be equal is given by
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2
D _ D ( A7D D D D\2 pD - AD _
dN,, = [_Bk (Njkt) + (2k7BY + r)jvjkt — (k) By ]dt’ [l_’,’g,Njkz =0 (A22)

which is a BRE that can be solved numerically for 1\7/%. Also:

D 7D D pD D 5 U D DD \ A7D
a? = [(-Bkzvjk,+kl BY +7)ME, — (W, = ZLw! + R, = O, = A + kDB )Njkt]dt
Jkt DAD D1,DRD
—k] Ak +k1 k2 Bk
limMP =0
(—oo  JK

(A23)

which given the above solution is a backward linear first-order SDE that can be solved for
Mfz .- Substituting the linear solution form of Eq. (A19) to the forward equation of the FBS-
DEs system (Eq. A18), we get:

_ D D Dy D 5 U D, 1,DRD
aSj = [(—kP +NB, ) Sy + BOMD, + W, = 3wl +R, - 0, — A + kPBP |at

Soo0 =S80 Sk =1,2,...,5
(A24)

which is a forward linear SDE that can be solved numerically for Sy. Thus, the backward
adjoint variable Al.l)d follows from the linear transformation of Eq. (A19) and the optimal
water use wﬁt follows from the optimality condition Eq. (A17).

Cooperative Case
Upstream

For the (j,k)-th exit stage we have the augmented Hamiltonian:

U wu D U U
Hy (Wﬁ s Sjkt> Ajgr Wikes > Wagr Hiets Virs 5jm>

U

A 5 ai U 1 U~2 U UnirU U

Ly lﬁwit — 57 O = G = kWl
i i

> 5 A25

S + 12+ K [Wz - Zi:jwf,/] + vy [Wr - Zizjwf]:[ (A25)

4R, = 0, = AL + BY(KE — KP'S;) + BY 25|

e R (AP = BGL — kDS, + (r+ KBD) 25, |
where ( Higs Vies §J-K) is the vector of the associated adjoint variables.

The necessary conditions for optimality for the maximization problem of U are given
below:

U
aij a,-U 1

— U U UwU — P — 7 : —
=W (K = kWY ) = g = v = 0= S.jk = 1,25

owY ;

ikt
(A26)
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oHY s
duj, = l_ﬁ + rﬂjk;| di = dp, = [_kflzi:ng + ”ﬂjkz] di (A27)

Jjt

aHJU
dvy, = OS +rvy|dt <=

2
dvyy, { -1 +kDBD PV ( 113) BEf‘;jk[+rvjkl}dt (A28)

oH;]
dé&y, = _ﬁ”gﬂ“ dt < dty, = [-Blv,, — kPBYE, |dt,
jit

Eooo =0 (A29)

From the first optimality condition (Eq. A26) we have:

why = al = bV (K =KW ) = BV, = b i =i 5.1 K = 1,205 (A30)

It can be easily seen that the adjoint variables of both Eqs. (A28) and (A29) satisfy
the system of FBSDE:s:

d&y, = —[kKPBLEy, + BYv,|dt,

2
dvj = { (k'l)) BkDéjkl + (@ + ki)Bf)vjkt - }dt

5000—0 hm kt_o j,k = 1,2,....,5 (A31)

In order to solve this FBSDEs system we are looking for solutions (&, v4,) that sat-
isfy the linear transformation:

Vie = Nigipe + My, J.k=1,2,....5 (A32)

where Ny, and My, are stochastic processes to be determined. Taking differentials in Eq.
(A32) we get:

vy = Ny + EudNjyy + dM = 3y dNjy, + dMy, — [(Bi)Nﬁg kDB N/kt)‘f +Bk LM | A1
(A33)
While the backward equation of Eq. (A31) may be written as

2
dvy, = {[(r +KPBON, + (k) BkD] G + (T +KPBOMy —nyJdr (A34)

Sufficient conditions for the latter to be equivalent are provided by
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2
ANy, = B2 N2+ (08D + PN, + (k)82 .

(A35)
,ILTONJ'“ =0, jk=12,..,5
which is a BRE that can be solved numerically for N;‘lez and by
dMy, = [(BONY + -+ KPBD My, e,
}ig},Mfkf:o’ Jok=1,2,....,5 (A36)

which given the above solution is a backward linear first-order SDE that can be easily
solved for Mj,,.

Substituting the linear solution form of Eq. (A32) to the forward equation of the
FBSDEs system Eq. (A31), we obtain:

&y, = [~BY (N + k) &ty — B My, dt,

w0 =0, jik=12,.,5 (A37)

which is a forward linear SDE that can be solved for &;,. Then the backward adjoint vari-
able vy, follows from the linear transformation of Eq. (A32).

Given the obtained solution (éjk, vjk), J.k=1,2,..5, of the FBSDEs system, as
described above, we may put in use Eq. (A30) to derive that U’s water resources state
Eq. (4) and adjoint variable of Eq. (A27) form the subsequent system of FBSDE:s:

U _ U pUwU U U U UpU
awy = [—kl BUWY + BV, + BUvy, + W, — AV +kUBY |,

2
Uy = [_(k?) B/W, + <k€/ny + r)”jk: +KB vy, — kA + kKB | a1,
Wiy = wro, limpy, =0, j.k=1,2,....5
(A38)
To find a solution process pair (W;{’, ﬂjk>J,k =1,2,...5, for this system of FBSDEs,

we impose the linear transformation:

Hjg = Ajk,let/ +Eu k=1,2,..5 (A39)

where Ay and By, are stochastic processes to be determined. Taking differentials in Eq.
(A39) we have that:

dpjp, = Ajktdelt/ + le:/dAjkt +dEy, = lezjdAjkr

= U2 _ URU U
+d=, + { [Bj Ay = k' B; Ajkt] W (A40)

+BY A Bty + BV v gy + [W[ —AY +kUBY ] A }dt
while the backward Eq. (A38) may be reformulated as:

ity = { [ (K0 BY + (RBY )| WY+ (KVBY 4+ 1) By + KU BYvy, = KVAY + VRVBY Lt

(A41)
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Sufficient conditions for the latter to be equivalent are given as follows:

2
diyy = |~BYAS, + (KVBY + r)Ay, = (kY)Y at,
(A42)

limAy, =0, jk=12..5

which is a BRE that can be solved numerically for Ajk,,j, k=1,2,...,5, and

4=, = { [—BJV Ao + (k{fB].U + r)lajkt ~ By Ay, —L[W, ~ AUV 4+ kVBY ] A }dt
’ :

U UpAU U U
+KUBY v, — kUAY + kUKL B!

limE,, =0, jk=1,2,..5

ikt
(A43)
which given the above solution is a backward linear first-order SDE that can be easily
solved for By, j,k=1,2,...,5.
Substituting the linear transformation of Eq. (A39) to the forward equation of the FBS-
DEs system Eq. (A38) we deduce that:

awV = { [—kjftg;f +BY Ajk,] WY+ BUE, + Vv, + W, — AV + KBV }dz, )

WU_WU

0 =Wo, JSk=12,.,5

which is a forward linear SDE that can be solved for Wj‘[/ j=1,2,...,5. Then the backward
adjoint variable Hies j,k=1,2,...,5 follows readily from the linear transformation of Eq.
(A39).

Given now the solutions (cfjk, vjk), (W/lt], ;4].,“), jk=1,2,...,5, of the FBSDEs systems

Eq. (A31) and Eq. (A38), respectively, together with Eq. (A30) to write equivalently the
Hamiltonian FBSDE:s state system of the downstream country as:

5S. = [—kffBJU W kDB + B A%, + By, + B vy + W, = A7 + kgBJU]dt
jkt = D, 1.DpD ’
/ +R, — 0, — A? + kB,

D _ D\2pD D\ ;D D D pD
day, = [_(kl ) BYSj + (r+ KBY) Ay, = kDAL + KB =y |,

So00 = So» fﬁ’gcﬂ]l»,)d =0, jk=12,.,5

(A45)

Imposing once again a solution (Sjk,,/ljDkt),j,k: 1,2,...,5, that satisfies the linear
transformation:

Ay = WS + Ty jok = 1,2,..,5 (A46)

To determine the stochastic processes I1;, and X, we take differentials in Eq. (A46) we
have that:

diﬁt = IL,dSy, + S dly, + dZy, = S dly, + dZy,

D112 D pD D UpUwU
. |BPIE, — KPBPTL |y, + BT, — KUBYWUIL, B

BVt + BV + W, — AV + KBV 4 R, - 0, — AP + K2BP| L,
(A47)

@ Springer



1006 N. Englezos et al.

while the backward Eq. (A45) may be written equivalently as:

dib = { [—(k{))szD +(r+ k?BkD)l'[jk,]Sjk, + (r+kPBY)Z;, — kPAY + kaDBD}dt

ikt T
(A48)
Sufficient conditions for the latter to be equivalent are provided by:
_ D (U D pD U 2pD
dIl, = [—Bk (ij> (2kPBP + )11, — (kP)’ B! ]dt,
(A49)
llml'[ =0, jk=12,.,5
=0
which is a BRE that can be solved numerically for ijn j,k=1,2,...,5,and by:
[-BPTL,, + (KPBY + )| 2y,
A%, = =[KUBIWY + B g, + BYvy + W, = AV + VBV + R, = 0, AP + KBP |1,
—KPAP + k?kgsf (AS0)

di, lim%, =0,jk=1.2,...5

which given the above solution is a backward linear first-order SDE that can be easily
solved for Z]-kl,j, k=1,2,..,5.
Substituting the linear transformation Eq. (A46) to the forward equation of the FBSDEs
system Eq. (A45), we obtain:

das.,. = BkD[ jkt kD] S/kt + BDZ‘/kt - kUBUWU + BU””" + B Vik dt
jkt = +W, =AY + KBV + R, — 0 — AP 4 kDBP (A51)

Sooo = So»  J,k=1,2,..,5

which is a forward linear SDE that can be solved for Sy,.j, k = 1,2, ..., 5. Then the backward
adjoint variable AP J, k=1,2,...,5, follows immediately from the linear transformation of
Eq. (A46). Clearly, the optimal water abstraction policies w;]ft,w].Dkt,j, k=1,2,...,5, of Uand
D follow from Eqgs. (A30) and (A17), respectively.

Appendix B

Econometric Modeling
Copula Approach

As mentioned, copulas will determine the joint distribution of the endogenous regressors
and the composed errors that capture their dependencies (Nelsen, 2006). In this sub-section
we scrutinise this concept, taking the function ¢() as given, while in Sect. 6.2 we elaborate
on the dynamic latent productivity.

To this end, let F(x, ... s Xps €) be the joint distribution of (x, ... ,xp) and ¢;. Since the
information contained in the correlation between (x;, ...,x,) and ¢; is also contained in
its joint distribution, and if this is known to belong to a class of parametric density, then
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consistent estimates of the model parameters can be obtained by simply maximizing the
log-likelihood function derived from F(x, ... s X €). Thus, there is no need for resorting to
instruments nor to consistently estimate the parameters of the model. However, in practice
F(x, ..., x, ) is typically unknown. Following Park and Gupta (2012) and suggesting a
copula to determine this joint density, we can capture the dependence in the joint distribu-
tion of the endogenous regressors and the composed errors. More precisely, suppose the
joint distribution of (x,, ... 2 X, €) with joint density f(x,,... s X, E), and let ]j(xj), Fi(x;),
for j=1,...,p, gle) and G(¢) denote the marginal density and Cumulative Distribution
Function (CDF) of x; and &, respectively. Also, C denotes the “copula function” defined for

&5 Eprr) €10, 117+ by:
Cph. &) = P(F1(x)) <&, F(x,) £6,,G(e) £&,40) (B1)

so that the copula function is itself a CDF.

Moreover, since Fj(x;) and G(-) are marginal distribution functions, each component
U, = Fix;) and U, = G(¢) has a uniform marginal distribution (Li and Racine 2007).'° Let
e, ..., &,) denote the PDF associated with C(&, ..., &,), then by Sklar’s theorem (Sklar
1959), we have:

SOy x,,6) = c(F] (1), oo s Fp(xy), G(e))g(e)H;):l]?(xj) (B2)

Thus, Eq. (B1) shows that the copula function completely characterizes the dependence
structure of (x, ... s Xps €), and c(§, ... ,51,) = lif and only if (x, ... s Xps €) are independent
of each other. To obtain the joint density, we need to specify the copula function; here the
Gaussian copula is used'":

Let @y ., denote a (p + 1)-dimensional CDF with zero mean and correlation matrix .
Then the (p + 1) -dimensional CDF with correlation matrix X is given by:

Cw;E) = @y, (@7(U)),.... @7 (U,). @7 (U,)),

where
w=(U,,...,U, U,) = (Fi(x),....F,(x,),G(¢)) (B3)

The copula density is:

cwiZ) = (det(2))™"/* x exp{ —% (@ '()),...,o7\U,),®\(U,)) B

(==L (@' W, ... 07U, @ (U,) }

And the log-likelihood function is:

logL(0,5) = Y ¥ {Ine(F (5101 o Fy(5,0, GleiO3D) + Y, Infiay ) + Ingle,:0) |
(B5)

10 Many producers use their own strategies to maximize profits. The individualistic behaviour of each can
be described by modelling the marginals. Copulas can model marginals and multivariate probabilities.

' Other copula functions such as Frank, Placket, Clayton, and Farlie-Gumbel-Morgenstern can also be
used, but here we used the Gaussian as the most generally robust and wellness of performance (Song 2000;
Danaher and Smith 2011).
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where 8 = (8, 1, 6'2)/ and the form of ¢(.) is given in Eq. (22). Notice that the first term in
the summation of Eq. (B5) is derived from the copula density and reflects the dependence
between endogenous variables and composed errors. In addition, since the marginal den-
sity f;(x;) does not contain any parameters of interest, the second term in the summation of
Eq. (BS) can be dropped from the log-likelihood function. Finally, it is clear that if there is
no endogeneity problem, Eq. (B5) collapses to the log-likelihood function of the standard
stochastic frontier models.

By maximizing the log-likelihood function, consistent estimates of (6,X) can be
obtained, and this can be done as we described by the algorithm below:

Estimation ofF;(x;),j = 1, ..., p; and G(&;0)

Since F; (x ;) are unknown and we have an observed sample of xﬂ,] =1,....,psi=1,...,m
in the ﬁrst step, we can estimate F;(x;) by

~ n

F"j= nTl-I-IZ’:ll( /,tSXQ]-),j=1,...,p (B6)
where 1(.) is an indicator function. Note that we used the rescaling factor 1/(nT + 1)
rather than 1/nT to avoid difficulties arising from the potential unboundedness of the
Inc(Fy(x; ;). ... . F,(x,;). G(g,:0);:Z) as some of the F;(x;) tend to one. To estimateG(z;;;0),
note that its density g(sn,ﬁ) is given in Eq. (20) and by deﬁmtlon G(g;30) = / i - 8(s:0)ds,
thus G(g;0) can be estimated using numerical integration, and let denotes the estimator
ofG(&;0).

Maximization of the Log-Likelihood Function

Maximization of the log- 11ke11hood functlon of Eq. (BS) where F, (X)) and G(g;;0) are
replaced by their estimates F. (%)) andG( ;0), respectively:

@.%) —agggmxz e B, Glesors) + ingleco) b 7)
€

Estimating Technical Inefficiency

Once the parameters have been estimated, the ultimate goal is to predict the technical inef-
ficiency values (term u;). This can be calculated based on Jondrow et al. (1982):

7z,
A Q| = %
~ ~ oA < > Ag;
Uy = E(”itlgiz) = =~ GAA - At (B8)
2 -o(L) @

where £, = y;, — p(x;;, zi,;ﬁ) and §, 4 and 62 are the parameter estimates obtained from the
approach discussed above.
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Local Likelihood Estimation

The functional form @(x;,, z;;8) was left unspecified so far. By all means, any parametric
form can be used, but here we focus on non-parametric estimation by the local likelihood
method. We use the simpler notation @(x;;#) as the extension to the case of exogenous
covariates is straightforward. Since we have a multivariate covariate, we use the method
of local linear estimation. This means that all parameters of the model become functions
of x, and they are denoted by 8(x). We denote the conditional density of y given x by
p(y|x) = g(y:0(x)), where 6(x) € R¥ is unknown and we define g(y;0(x)) = logg(y;0(x)).
For example, a standard frontier would take the form:

Yie = m(xit) + Vi — Uy,
where

Vit’xit"’iN(Q ‘73 (xit) )’ Ui

x,~iN(0,62(x;)). (B9)
Then:
0(x) = [m(x), 62(x), 62(x)| (B10)

Our fundamental departure from the standard model is the introduction of productive
performance or technical efficiency:

Yie = M(Xy Zip) + Vi + 0y — 1y, (B11)
where the productivity process is:
. 2
X, 0,4 NlN(r(wi,z—l > Xirs Zit)’ Oy (wi,r—l > Xirs Zit) ) (B12)

In this specification, r(w;,_;,x;, Z;;) iS @ non-parametric productivity mean process, and
02 (@;,_1>X;» Z;,) is the variance. For ease in notation, we omit explicit dependence on z and
we continue to denote (x) € R* with

0(x) = [m(x), Hw_;,x),62(x), 62(x), 02 (w_,, x)]/ (B13)

where w_; denotes the lagged value of productivity. As productivity is latent special prob-
lems are introduced into the analysis.
There is a multivariate kernel which satisfies:

/ K(u)du =1, / wd K(u)du = pyl,, (B14)

To fix notation, we start with the analysis of the simpler model in Eq. (B11). The condi-
tional local linear log-likelihood is given by'%:

T
10gL(0,,0,) = D" N (0, + O, (x;, — XK, = X) (B15)

12 We include z;; in the kernel functions because, in this instance, they represent important environmental
variables that help in modeling heterogeneity. For ease in notation we redefine x=[x’, z’]".
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where 6,,0, is a vector (k X 1) and matrix (k X d) respectively, H is a bandwidth matrix
which is symmetric, positive definite and K (1) = |H| 1K (H ‘1u). ‘We choose a multivariate
product kernel so that K (u) = Hfillg(uj)A in which case [ uu' K(u)du = ([ 3K, (u))du, )1,.
The local linear estimator is 6(x) = 6,(x) where 0,(x) and ©,(x) maximize the log-
likelihood L(6,,®,) with respectto @,,0,.
For the model with latent productivity w;, as in Eq. (B12) the likelihood function is

L(eoa ®1) = /R"T{HLIHng(YiI’ miueo + ®] (Ait - A)) : KH (Ait - A) }dw
(B16)

where A;, = [x;t, a)i,t_l]/,/\ = [x', w_l]’, and

it — it> — O A
oy, 0:0(A)) = Lq,<y‘ 0 PL0) — )cp(— )y = pxiBGON) - mit>-
o(x) o(x) c,(x)
1 O — T(Xj, 013V (X, ©_))
o, (X, m_l)(p 0,(X,0_;)

B17)
Moreover, y(x, _ 1) denotes the localized parameters in,the () function of Eq. (37). For
ease in notation, we define G(x, a)_l) = [ﬂ(x)/, y(x, w_l),] € R*. In Eq. (B16) there is an

nT-dimensional integral which cannot be evaluated analytically, which is obvious from the
definition of Eq. (42). The computation relies in two steps:

Step 1: Integrate out {a)i,} from Eq. (B16) using a Sequential Monte Carlo (SMC) algo-
rithm (Pitt and Shephard 1999).

Step 2: Maximize the resulting expression using numerical optimization techniques.

For reasons of computational convenience and without sacrificing generality we assume:

W = poy,_y + Enn {5,.,}~ii.i.d.zv<o, ag) (B18)

We will still need the SMC algorithm in step 1 (Appendix B), for which we used 10°
particles per likelihood evaluation, and a standard conjugate gradients algorithm for maxi-
mization. Our results were insensitive to using 10° or 107 particles per likelihood evaluation.

Appendix C

Sequential Monte Carlo

The particle filter methodology can be applied to state space models of the general form:
Yr~ipylx,), s~ip(s,|s,_;) (ChH

where s, is a state variable. For general introductions see Gordon (1997), Gordon et al.
(1993), Doucet et al. (2001) and Ristic et al. (2004). Given the data Y, the posterior distri-

bution p(s,|Y,) can be approximated by a set of (auxiliary) particles {sﬁi),i =1,.., .N} with
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probability weights {wf”,i =1,..N } where Zﬁ\;lwg") = 1. The predictive density can be

approximated by:
Y) = Y s ~i N @,
pGilY) = [ Pl ls)p(s,|Y)ds,~ieq i=1p(st+llst w, (€2)
and the final approximation for the filtering density is:

. N (GNWO]
p(st+l |Yz) & Py 501P(S 141 1Y) ~iegp(y 4 |St+l)2i=lp(st+l s, Iw, (C3)

. . . . . @O @O - _
The basic mechanism of particle filtering rests on propagating {s, wi=1,...,N } to
the next step, viz. {sfﬁ i wfﬁ 1,i =1,...,N } but this often suffers from the weight degener-
acy problem. If parameters § € ® € R* are available, as is often the case, we follow Liu

and West (2001) parameter learning takes place via a mixture of multivariate normals:
N . _
p(01Y,) = Y~ w'N(@lab)” + (1 - a)0,,b*V,) (C4)

where Et = Zil wfi)ﬂt(i), andV, = Zi\il wﬁi) (Gt(i) - 5,)(09 - 5,)’ . The constants a and b are
related to shrinkage and are determined via a discount factor 6 € (0,1) as a = (1 — bz)l/ 2
and b*> =1—[(36 — 1)/26]*(see also Casarin and Marin 2007). Andrieu and Roberts
(2009), Flury and Shephard (2011) and Pitt et al. (2012) provide the Particle Metropolis-
Hastimgs (PMCMC) technique which uses an unbiased estimator of the likelihood function
Pn(Y16) as p(Y|0) is often not available in closed form.

Given the current state of the parameter 09 and the current estimate of the likelihood,
say I/ = py(Y|69), a candidate 6¢ is drawn from ¢(6¢|6%) yielding L¢ = p(Y|6¢). Then,
we set 80D = 9¢ with the Metropolis—Hastings probability:

Y54 9(1‘) ¢
A =min{ 1, PEOL 40710 (C5)
pOPL q(6°|69)

otherwise we repeat the current draws: {9U*D, I/+1} = {60, [/},

Hall et al. (2014) propose an auxiliary particle filter which rests upon the idea that
adaptive particle filtering (Pitt et al. 2012) used within PMCMC requires far fewer par-
ticles that the standard particle filtering algorithm to approximate p(Y'|6). From Pitt and
Shephard (1999) we know that auxiliary particle filtering can be implemented easily
once we can evaluate the state transition density p(s,|s,_;). When this is not possible,
Hall et al. (2014) present a new approach when, for instance, s, = g(s,_;, u,) for a certain
disturbance. In this case we have:

p(ytlst—l)=/p(yt|st)p(st|st—l)dst (C6)

p(utlst—l;yt) = p(ytlst—l’ ”z)P(“t|St—1)/P(Yt|5t—1) (o))

If one can evaluate p(y,|s,_;) and simulate from p(u,|s,_;;y,) the filter would be fully
adaptable (Pitt and Shephard 1999). One can use a Gaussian approximation for the first-
stage proposal g(y,|s,_;) by matching the first two moments ofp(y,|s,_;). So in some way
we find that the approximating densityp(y,|s,_;) = N(E,|s,_). V(y,ls,_;)). In the sec-
ond stage, we know that p(u,|y,. s,_;) « p(y,|s,_,u,)p(u,). For p(u,|y,,s,_;) we know it is
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multimodal so suppose it has M modes are ﬁ;” form =1,...,M. For each mode we can
use a Laplace approximation.
Let l(4,) = log [p(y,ls,,l, ut)p(u,)]. From the Laplace approximation we obtain:

=)+ o) @) oE) o

Then we can construct a mixture approximation:
M
8 lx, 5 =Y Am(27r)_d/2|2m|_l/zexp{ S — Y2, - 0 } (C9)
m=1

where X, = —[Vzl(”")] and 4,, o exp{I(u™)} WithEAm/I=I = 1. This is done for each par-
ticle s;. This is known as the Auxiliary Disturbance Particle Filter (ADPF). An alternative
is the independent particle filter (IPF) of Lin et al. (2010). The IPF forms a proposal for s,
directly from the measurement density p(y,|s,) although Hall et al. (2014) are quite right in
pointing out that the state equation can be very informative. In the standard particle filter of
Gordon et al. (1993) particles are simulated through the state density p(silsf_ ,) and they are
re-sampled with weights determined by the measurement density evaluated at the resulting
particle, viz. p(y,lsi). The ADPF is simple to construct and rests upon the following steps,

fort=0,...,T — 1 given samples s~ip(s,|Y,,,) with mass z* fork =1,...,N:
- k ok N
1. Fork=1,....N compute o, g(yzﬂls ZAE AT IRV) I
2. Fork=1,...,Ndrawsi = )" Ml 8L (ds,)
3. Fork=1,...,N draw &= g, sy, and set s = h(skuf, )
4. Fork=1,...,N compute
of = P(yz+1|sf+l)p(uf+l) ko _ 0)/t<+1 (C10)
8Ol 15y T ol

It should be mentioned that the estimate of likelihood from ADPF is:

p(Yl:T)ZHt 1(2: 1©i- 1|l)< lZi\;lw;) (Cl11)

Particle Metropolis Adjusted Langevin Filters
Nemeth et al. (2014) provide a particle version of a Metropolis Adjusted Langevin
algorithm (MALA). In Sequential Monte Carlo we are interested in approximating
p(s,1Y;.,.0). Given that:

P(S,|Y1 Nz 0) (S8 g(ytlxtv 9) /f(stlst—] ) 9)17(5;—1 |y1 =10 a)dst—l (Clz)
where p(s,_,|y;.,_;,0) is the posterior as of time # — 1. If at time  — 1 we have a set of parti-

cles {st pi=1. ,N} and weights {Wf_w i=1,... .N} which form a discrete approxima-
tion for p(s,_; |y,.,—;> @) then we have the approximation:
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~ N i
Blsimi ¥zt 0) &< Y wi_f(s,Is_, 0) (C13)

See Cappé et al. (2005) and Andrieu et al. (2010) for reviews. From (B13) Fearnhead (2007)
makes the important observation that the joint probability of sampling particle sﬁ_ , and state s, is:

_ Wi_lg(yllst’ a)f(sls;_l’ 0)

W, = - - (C14)
’ Eq(s,Isi_y.7,,0)
where q(s,lsL 1»Yp» 0) 1s a density function amenable to simulation and:
&a(s,ls,_ .y O)~ieqeg (v,ls,. 0)f (s,1s;_,. 6) (C15)

and c is the normalizing constant in (B12).
In the MALA algorithm of Roberts and Rosenthal (1998)'® we form a proposal:

2
0 =09 + Az + %vmgp(e(“‘)w”) (C16)

where z~iN(0, 1) which should result in larger jumps and better mixing properties, plus
lower autocorrelations for a certain scale parameter A. Acceptance probabilities

(e . Y, /1099016°)
are:a(6¢|6) = mzn{ 1, 20 |O)g@107) }
©°16™ p(Yy.7|09)q(610®)

Using particle filtering it is possible to create an approximation of the score vector using
Fisher’s identity:

Viogp(Y,.7|0) = E[VIOgP(SlzT» Y.r1OY, .1, 9] (C17)
which corresponds to the expectation of:
Viogp(s,.r. Y .710) = Viogp(ls,.r_;, Yy.7_110) + Viogg(yr|sy, 0) + Viogf(syls|r—;, 6)

over the path s,.,. The particle approximation to the score vector results from replacing
p(s;.7|Y,.7,0) with a particle approximation p(s;.7|Y;.7, 6).

With particle i-th at time 7-/, we can associate a value aﬁ_l = Vlogp(s’i,t_l, Y,.,_116)

which can be updated recursively. As we sample k; in the APF (the index of particle at time
t — 1that is propagated to produce the i th particle at time t) we have the update:
a =d) + Viegg(y,|si,0) + Viegf(si|si_,,0) (C18)

To avoid problems with increasing variance of the score estimate Vlogp(Y;.,|6) we can
use the approximation:

al_ ~iN(mL_, V) (C19)

The mean is obtained by shrinking af_l towards the mean of ,_, as follows:

i =da_ +(1=8), _ wi al, (€20)

13 The benefit of MALA over Random-Walk-Metropolis arises when the number of parameters $$n$$ is
large. This happens because the scaling parameter $$\lambda $$ is $$O({n}*{-1/2})$$ for Random-Walk-
Metropolis but it is $$O({n}*{-1/6})$$ for MALA, see Roberts et al. (1997) and Roberts and Rosenthal
(1998).
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where 6 € (0, 1) is a shrinkage parameter. Using Rao-Blackwellization one can avoid sam-
pling aj and instead use the following recursion for the means:

i K; N i i Ki
mi=dmyl +(1=8)) _ wi_ml_ +Viogg(yls,,0) + Viegf(silsi’,0) (C21)

t—1°

which yields the final score estimate:
Viogp(Y,,0) = Y _ wim (€22)

As a rule of thumb Nemeth et al. (2014) suggest taking 6 = 0.95. Furthermore, they
show the important result that the algorithm should be tuned to the asymptotically optimal
acceptance rate of 15.47% and the number of particles must be selected so that the variance
of the estimated log-posterior is about 3. Additionally, if measures are not taken to control
the error in the variance of the score vector, there is no gain over a simple random walk
proposal.

Of course, the marginal likelihood is:

T
p(¥1.710) = poi IO | _p0il Ym0, 0) (€23)

where

PO Y1, 0) = /g(ytlst) /f(st|sz—l’9)p(st—l|Y1:T—1’9)dst—ldst (C24)

provides, in explicit form, the predictive likelihood.
Appendix D

Data Mentioned in Results Section

The Environmental Indices derived from the factors presented in Sect. 7, as well as the
parameters of the hydro-economic model (same section) were obtained from official
databases.

The Eora global supply chain database consists of a Multi-Region Input—Output table
(MRIO) model that provides a time series of high-resolution Input—Output (IO) tables with
matching environmental and social satellite accounts for 190 countries (35 types of EI
air pollution, energy use, greenhouse gas emissions, water use, land occupation, N and P
emissions, etc.). 16 IO tables, each for the period 2000-2017 for Ethiopia and Kenya were
used. Additional data, as well as pumping costs and hydrological timeseries were collected
from scientific journals, official reports, governmental websites, and other forms of grey
literature databases, including: African development bank, including African development
bank, ILO (International Labor Organization) and the World Bank Group: Climate Change
Knowledge Portal For Development Practitioners and Policy Makers, the United Nations
Statistics Division, Food and Agriculture Organization of United Nations (FAOSTAT,
AQUASTAT), Unesco World Heritage list, OpenDataSoft, Environment and Climate
Change Data Portal, and offices of national statistics.

See Tables 6 and 7.
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Table 6 Description of Indices of Ecosystem Services

ES ser- Indicator
vices

Description Units

Source

GVA (Gross
Value
Added)

per sector

Gross Fixed
Capital
Formation
per sector

Employment

Per sector

Provis  WEFN:
ser- Total Water
vices Footprint
per sector

Energy Use
(Total)
per sector

Regul  Water
Ser- Quality
vices

Represents the contribution of labor and $

capital to the production process. Gross
value added at basic prices is defined as
output valued at basic prices less interme-
diate consumption valued at purchasers’
prices. Although the outputs and inputs are
valued using different sets of prices, for
brevity the value added is described by the
prices used to value the outputs. From the
point of view of the producer, purchas-
ers’ prices for inputs and basic prices for
outputs represent the prices actually paid
and received. Their use leads to a measure
of gross value added that is particularly
relevant for the producer. Net value added
is defined as the value of output less the
values of both intermediate consumption
and consumption of fixed capital

Gross fixed capital formation is measured by $
the total value of a producer’s acquisitions,
less disposals, of fixed assets during the
accounting period plus certain additions
to the value of non-produced assets (such
as subsoil assets or major improvements
in the quantity, quality or productivity of
land) realized by the productive activity of
institutional units

Persons in employment are defined as Abs
all those of working age who, during a Value
short reference period, were engaged in
any activity to produce goods or provide
services for pay or profit. They comprise
employed persons "at work", i.e. who
worked in a job for at least one hour;
and employed persons "not at work" due
to temporary absence from a job, or to
working-time arrangements (such as shift
work, flexitime and compensatory leave
for overtime)

Total water use which includes: Mm®/yr

WEN: Total water footprint—Green
WEN: Total water footprint—Blue
WEN: Total water footprint—Grey

Natural Gas, Coal, Petroleum, Nuclear TJ
Electricity, Hydroelectric Electricity,
Geothermal Electricity, Wind Electricity,

Solar, Tide and Wave Electricity, Biomass
and Waste Electricity

Nitrogen Emissions exportable to water Gg
bodies from agriculture and household
waste water

Input-OutputTables
http://www.world
mrio.com/country

http://www.world
mrio.com/country

ILO

(International
LABOR

Organization)

Input-Output
http://www.world
mrio.com

Input—Output
http://www.world
mrio.com/country

Input—Output
http://www.world
mrio.com/country
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Table 6 (continued)

ES ser- Indicator Description Units Source
vices
Fertilizers: Proportions of consumption of fertilizers kg/ha Food and
Total (by nutrient group) per unit of agricultural Agriculture
Nitrogen and land area are calculated by UNSD using Organization of
Phosphate available consumption and land use data United Nations
(N and P205)  from FAOSTAT (FAOSTAT)
Provis. Agricultural ~ Agricultural area, this category is the sum 103 ha Food and
ser-  Area of areas under “Arable land”, “Permanent Agriculture
vices crops” and “Permanent pastures” Organization of
United Nations
(FAOSTAT)
Provis. Raw For agriculture total biomass and for t Input—Output
ser-  Materials mining-quarries total construction material http://www.world
vices per Sector and total fossil fuel mrio.com/country
Provis. Permanent Permanent crops is the land cultivated with ~ 10° ha Food and
ser- Crops long-term crops which do not have to Agriculture
vices be replanted for several years (such as Organization of
cocoa and coffee); land under trees and United Nations
shrubs producing flowers, such as roses (FAOSTAT)
and jasmine; and nurseries (except those
for forest trees, which should be classified
under "forest"). Permanent meadows and
pastures are excluded from land under
permanent crops
Provis. Arable Arable land is the land under temporary 10% ha Food and
ser-  Land agricultural crops (multiple-cropped Agriculture
vices areas are counted only once), temporary Organization of
meadows for mowing or pasture, land United Nations
under market and kitchen gardens and (FAOSTAT)
land temporarily fallow (less than five
years). The abandoned land resulting from
shifting cultivation is not included in this
category. Data for “Arable land” are not
meant to indicate the amount of land that
is potentially cultivable
Provis. Crop Crop statistics are recorded for 173 products, t Input—Output

ser- Production
vices

covering the following categories: Crops
Primary, Fibre Crops Crop statistics are
recorded for 173 products, covering the
following categories: Crops Primary, Fibre
Crops Primary, Cereals, Coarse Grain,
Citrus Fruit, Fruit, Jute & Jute-like Fibres,
Oilcakes Equivalent, Oil crops Primary,
Pulses, Roots and Tubers, Treenuts

and Vegetables and Melons. Data are
expressed in terms of area harvested, pro-
duction quantity, yield and seed quantity.
The objective is to comprehensively cover
production of all primary crops for all
countries and regions in the world

http://www.world
mrio.com/country
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Table 6 (continued)

Description

Units

Source

ES ser- Indicator
vices
Regul  Forest
Ser-
vices
Provis. Total Area
ser- Equipped
vices For Irriga-
tion
Provis. Total
ser- Fisheries
vices Production
Temperature

Forest area is the land spanning more than

0.5 hectares with trees higher than 5 m and
a canopy cover of more than 10 percent,
or trees able to reach these thresholds

in situ. It does not include land that is
predominantly under agricultural or urban
land use. Forest is determined both by the
presence of trees and the absence of other
predominant land uses. The trees should
be able to reach a minimum height of 5 m
(m) in situ. Areas under reforestation that
have not yet reached but are expected to
reach a canopy cover of 10 percent and

a tree height of 5 m are included, as are
temporarily unstocked areas, result-

ing from human intervention or natural
causes, which are expected to regenerate.
Includes: areas with bamboo and palms
provided that height and canopy cover cri-
teria are met; forest roads, firebreaks and
other small open areas; forest in national
parks, nature reserves and other protected
areas such as those of specific scientific,
historical, cultural or spiritual interest;
windbreaks, shelterbelts and corridors

of trees with an area of more than 0.5 ha
and width of more than 20 m; plantations
primarily used for forestry or protective
purposes, such as: rubber-wood planta-
tions and cork, oak stands. Excludes: tree
stands in agricultural production systems,
for example in fruit plantations and agro-
forestry systems. The term also excludes
trees in urban parks and gardens

Area equipped with irrigation infrastruc-
ture to provide water to the crops. This
includes areas equipped for full and partial
control irrigation, spate irrigation areas,
and equipped wetland or inland valley
bottoms

Total fisheries production measures the vol-
ume of aquatic species caught by a country
for all commercial, industrial, recreational
and subsistence purposes. The harvest
from mariculture, aquaculture and other
kinds of fish farming is also included

The yearly mean historical rainfall and
temperature data can be mapped to show
the baseline climate and seasonality yearly,
and for rainfall and temperature

10° ha

10’ ha

t

°C

Food and

Agriculture

Organization of
United Nations
(FAOSTAT)

Food and

Agriculture

Organization of
United Nations
(FAOSTAT)

Food and

Agriculture

Organization of
United Nations
(FAOSTAT)

The World Bank
Group

Climate Change
Knowledge Portal-
For Development
Practitioners and
Policy Makers
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Table 6 (continued)

ES ser- Indicator Description Units Source
vices
Rainfall Yearly Mean historical rainfall mm The World Bank
Group
Climate Change

Knowledge Portal-
For Development
Practitioners and

Policy Makers
Habitat Biodiversity A “proximity-to-target methodology” is used % Environment and
ser-  and to assess how close each country is to an Climate Change Data
vices Habitats identified policy target. Country scores are Portal

determined by how close or far countries
are to targets. Scores are standardized (i.e.,
on a scale of 0 to 100) for comparability,
weighting, and aggregation

The Environmental Performance Index (EPI)
is constructed through the calculation and
aggregation of 20 indicators reflecting
national-level environmental data. These
indicators are combined into nine issue
categories, each of which fit under one
of two overarching objectives. The two
objectives that provide the overarching
structure of the EPI are Environmental
Health and Ecosystem Vitality. Biodiver-
sity & Habitats belongs to the Ecosystem
Vitality which measures ecosystem protec-
tion and resource management. These two
objectives are further divided into nine
issue categories that span high-priority
environmental policy issues, including air
quality, forests, fisheries, and climate and
energy, among others. The issue categories
are extensive but not comprehensive.
Underlying the nine issue categories, 20
indicators are calculated from country-
level data and statistics

In this case the Biodiversity and Habitat
category includes four indicators: Critical
Habitat Protection, Terrestrial Protected
Areas (National Biome Weight), Ter-
restrial Protected Areas (Global Biome
Weight), and Marine Protected Areas. The
targets are: 100% for Critical Habitat
Protection; 17% for Terrestrial Protected
Areas (National Biome Weights); 17% for
Terrestrial Protected Areas (Global Biome
Weights); 10% for Marine Protected
Areas. (c.f

http://archive.epi.yale.edu/our-methods/biodi
versity-and-habitat)
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Table 6 (continued)

ES ser- Indicator Description Units Source
vices
Regul  Terrestrial The definition of a “protected area”, as Km? World
Ser- Protected adopted by the International Union for Database on
vices Areas Conservation of Nature (IUCN), is “an Protected
area of land and/or sea especially dedi- Areas

cated to the protection and maintenance
of biological diversity, and of natural and
associated cultural resources, and managed
through legal or other effective means”.
(IUCN 1994. Guidelines for Protected
Areas Management Categories. IUCN;
Gland; Switzerland and Cambridge; UK).
Protected areas increase with time and

are not deleted from subsequent years.
Only protected areas that are “nationally
designated” are included in this indicator.
The status "designated" is attributed to a
protected area when the authority that cor-
responds, according to national legislation
or common practice (e.g. by means of an
executive decree), officially endorses a
document of designation. The designation
must be for conservation of biodiversity,
not single species and not fortuitous de
facto protection arising because of some
other activity (e.g. military). Hence, a
number of United States Marine Managed
Areas as well as permanent fisheries
closures are excluded. Data are adjusted
to account for transboundary protected
areas (protected areas that transcend
international boundaries) to ensure that the
appropriate area/extent from the total area
for that site is attributed to the country in
which it is contained. Similar adjustments
have been made where a protected area
transcends both marine and terrestrial
environments. The size of the protected
area (its “extent”) is the officially docu-
mented total area provided by the national
authority or as listed by the World Data-
base on Protected Areas and may be gener-
ated from spatial (GIS) boundary data
(see source for details). Many protected
areas can contain proportions of both the
marine and terrestrial environment, and
the size of the protected area extent that
falls into each environment is not always
available. The table also includes some
protected areas for which the year (date of
establishment/designation) is unavailable.
If no update is received for a given year,
the total number and size of the protected
area is assumed to be equal to the previous
year’s values

(WDPA) website at:
www.wdpa.org/
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Table 6 (continued)

ES ser- Indicator Description Units Source
vices
Access to Access to electricity is the percentage of % of World Bank,
Electricity population with access to electricity. Elec- ~ popula- ~ Sustainable
trification data are collected from industry,  tion Energy for All
national surveys and international sources (SE4ALL) data-
base
People Using  The percentage of people using at least basic % of World Bank,

Basic water services. This indicator encompasses  popula- from WHO/
Drinking both people using basic water services as tion UNICEF Joint
Water well as those using safely managed water Monitoring Pro-
Services services. Basic drinking water services gramme

is defined as drinking water from an (JMP) for Water Sup-
improved source, provided collection time ply, Sanitation and
is not more than 30 min for a round trip. Hygiene
Improved water sources include piped (washdata.org)
water, boreholes or tubewells, protected
dug wells, protected springs, and packaged
or delivered water
International  International inbound tourists (overnight Abs World Bank,

Tourism, visitors) are the number of tourists who Value World Tourism

Number of travel to a country other than that in which Organization, Year-

Arrivals they have their usual residence, but outside book of

their usual environment, for a period not
exceeding 12 months and whose main
purpose in visiting is other than an activ-
ity remunerated from within the country
visited. When data on number of tourists
are not available, the number of visitors,
which includes tourists, same-day visitors,
cruise passengers, and crew members,

is shown instead. Sources and collection
methods for arrivals differ across coun-
tries. In some cases data are from border
statistics (police, immigration, and the
like) and supplemented by border surveys.
In other cases data are from tourism
accommodation establishments. For some
countries number of arrivals is limited to
arrivals by air and for others to arrivals
staying in hotels. Some countries include
arrivals of nationals residing abroad while
others do not. Caution should thus be used
in comparing arrivals across countries.
The data on inbound tourists refer to the
number of arrivals, not to the number

of people traveling. Thus a person who
makes several trips to a country during a
given period is counted each time as a new
arrival

Tourism Statistics,
Compendium of
Tourism Statistics
and data files
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Table 6 (continued)

Regul  Renew-  Electricity production refers to gross pro-

Ser- able duction, which is the sum of the electrical
vices Elec- energy production by all the generating
tricity units/installations concerned (includ-
Pro- ing pumped storage) measured at the

duction  output terminals of the main generators.
Renewable electricity production (%)
refers to the proportion of total electricity
produced that comes from a renewable
origin. Electricity production refers to
gross electricity production, which is the
sum of the electrical energy production
by all the generating units/installations
concerned (including pumped storage)
measured at the output terminals of
the main generators. This includes the
consumption by station auxiliaries and
any losses in the transformers that are
considered integral parts of the station.
Renewable electricity production was
calculated as the sum of electricity
produced from hydro, geothermal, solar,
wind, tide, wave and ocean sources. All
electricity production from combusti-
ble fuels is considered non-renewable;
therefore electricity produced from burn-
ing biomass or renewable waste is not
included as renewable electricity in this
table. However, this has been observed
to be a relatively negligible proportion of
electricity production in most cases

%

United Nations Statis-
tics Division, Energy

Statistics

http://unstats.un.org/unsd/
energy/yearbook/defau

It.htm
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Table 6 (continued)

Regul  CO, Public electricity and heat production Gg
Ser- Other Energy Industries
vices Manufacturing Industries and Construction

Domestic aviation

Road transportation

Rail transportation

Inland navigation

Other transportation

Residential and other sectors

Fugitive emissions from solid fuels
Fugitive emissions from oil and gas
International aviation

International navigation

Production of minerals

Cement production

Lime production

Production of chemicals

Production of metals

Production of pulp/paper/food/drink
Production of halocarbons and SF6
Refrigeration and Air Conditioning
Foam Blowing

Fire Extinguishers

Aerosols

F-gas as Solvent
Semiconductor/Electronics Manufacture
Electrical Equipment

Other F-gas use

Non-energy use of lubricants/waxes (CO,)
Solvent and other product use: paint
Solvent and other product use: degrease
Solvent and other product use: chemicals
Solvent and other product use: other
Enteric fermentation

Manure management

Rice cultivation

Direct soil emissions

Manure in pasture/range/paddock
Indirect N,O from agriculture

Other direct soil emissions

Savanna burning

Agricultural waste burning

Forest fires

Grassland fires

Decay of wetlands/peatlands

Other vegetation fires

Forest Fires-Post burn decay

Solid waste disposal on land
Wastewater handling

Waste incineration

Other waste handling

Fossil fuel fires

Indirect N,O from non-agricultural NO,
Indirect N,O from non-agricultural NH;
Other sources

Input—Output
http://www.worldmrio.
com/country
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Table 6 (continued)

Regul NO, Public electricity and heat production
Ser- Other Energy Industries
vices Manufacturing Industries and Construction

Domestic aviation

Road transportation

Rail transportation

Inland navigation

Other transportation

Residential and other sectors

Fugitive emissions from solid fuels
Fugitive emissions from oil and gas
Memo: International aviation

Memo: International navigation
Production of minerals

Cement production

Lime production

Production of chemicals

Production of metals

Production of pulp/paper/food/drink
Production of halocarbons and SF6
Refrigeration and Air Conditioning
Foam Blowing

Fire Extinguishers

Aerosols

F-gas as Solvent
Semiconductor/Electronics Manufacture
Electrical Equipment

Other F-gas use

Non-energy use of lubricants/waxes (CO,)
Solvent and other product use: paint
Solvent and other product use: degrease
Solvent and other product use: chemicals
Solvent and other product use: other
Enteric fermentation

Manure management

Rice cultivation

Direct soil emissions

Manure in pasture/range/paddock
Indirect N,O from agriculture

Other direct soil emissions

Savanna burning

Agricultural waste burning

Forest fires

Grassland fires

Decay of wetlands/peatlands

Other vegetation fires

Forest Fires-Post burn decay

Solid waste disposal on land
Wastewater handling

Waste incineration

Other waste handling

Fossil fuel fires

Indirect NO, from non-agricultural NO,
Indirect NO, from non-agricultural NH;
Other sources
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Table 6 (continued)

Regul  Total
Ser- Annual
vices Fresh-
water
With-
draw-
als
Regul.  Floods
Ser- and
vices Droughts
Cul- Cultural-
tural  Natural-
and Mixed
amen-  Heritage
ity Sites
ser-
vices

Annual freshwater withdrawals refer to

total water withdrawals, not counting
evaporation losses from storage basins.
Withdrawals also include water from
desalination plants in countries where
they are a significant source. Withdrawals
can exceed 100 percent of total renewable
resources where extraction from non-
renewable aquifers or desalination plants
is considerable or where there is signifi-
cant water reuse. Withdrawals for agri-
culture and industry are total withdrawals
for irrigation and livestock production
and for direct industrial use (including
withdrawals for cooling thermoelectric
plants). Withdrawals for domestic uses
include drinking water, municipal use or
supply, and use for public services, com-
mercial establishments, and homes. Data
are for the most recent year available for
1987-2002

Number of floods/droughts events

To be included on the World Heritage List,
sites must be of outstanding universal
value and meet at least one out of ten
selection criteria

These criteria are explained in the Operational
Guidelines for the Implementation of the
‘World Heritage Convention which, besides
the text of the Convention, is the main work-
ing tool on World Heritage. The criteria are
regularly revised by the Committee to reflect
the evolution of the World Heritage concept
itself

Access to an improved water source refers
to the percentage of the population
with reasonable access to an adequate
amount of water from an improved
source, such as a household connection,
public standpipe, borehole, protected
well or spring, and rainwater collection.
Unimproved sources include vendors,
tanker trucks, and unprotected wells and
springs. Reasonable access is defined as
the availability of at least 20 L a person
a day from a source within one kilometer
of the dwelling

10°m®

-

Food and

Agriculture

Organization,
AQUASTAT data

The Emergency Events
Database—Université
catholique de Louvain
(UCL)—CRED, D

Guha-Sapir, www.emdat.
be, Brussels, Belgium

http://emdat.be/emdat_db/

UNESCO World Heritage
Centre—World
Heritage List
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