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Abstract: This study constructs a dynamic and open economy model to show that low saving rates are
the cause of economic volatility in developed countries, whereas inadequate financial development
is identified as the reason for economic volatility in emerging countries. With low saving rates or
inadequate financial development, countries find it difficult to avoid economic volatility, because
it is difficult to alleviate the financing constraints of firms and maintain the stability of investment.
Under similar conditions, economic volatility is more severe in developed countries and has spillover
effects by triggering interest rate fluctuations in the global capital market and intensifying economic
volatility in other countries. By contrast, emerging countries or small economies do not have spillover
effects. To avoid dramatic international economic volatility, emerging countries should prompt
financial development, and developed countries should increase their saving rates.

Keywords: financial development; saving rates; economic volatility

1. Introduction

Economic volatility and economic growth are two major research areas in macroeco-
nomics. Several studies have confirmed the impact of saving rates and financial develop-
ment on economic growth [1,2]. Attributable to the negative relationship between economic
growth and economic volatility [3], there are only a few studies on the relationship between
saving rates, financial development, and economic volatility [4]. Both savings and financial
development achieve economic growth by stimulating investment [1,2], and investment
is the most volatile factor in economic volatility [5–7]. Therefore, savings and financial
development may affect economic volatility by influencing investment. Figure 1a,b show
that developed countries have relatively high levels of financial development but low
saving rates, whereas emerging countries have high saving rates but low levels of financial
development. Hence, we ask the following: What is the impact of lagging financial develop-
ment on economic volatility in emerging countries? What is the impact of low saving rates
on economic volatility in developed countries? What are the impacts of the imbalances
between the financial development level and saving rates in developed and emerging
countries on international economic volatility? What are the underlying mechanisms that
lead to economic volatility? However, research on these topics is lacking. This paper
answers these questions through a theoretical model and proposes directions for policy
changes based on inferences from the model to alleviate international economic volatility
and crises.
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Figure 1. (a) Net National Savings (% of gross national income, GNI), sourced by World Development Indicators (WDI); 
(b) Financial Development Index, data from Svirydzenka [8]. 

The model concludes that low saving rates are the cause of economic volatility in 
developed countries while lagging financial development triggers economic volatility in 
emerging countries. With low saving rates in developed countries and low levels of finan-
cial development in emerging countries, it is difficult to ease firms’ financing constraints 
and maintain investment stability, which can cause economic volatility. In addition, the 
theoretical model concludes that: (1) Under similar conditions, economic volatility is more 
severe in developed countries—compared to emerging countries—and has spillover ef-
fects by triggering interest rate fluctuations in the global capital market and intensifying 
economic volatility in other countries; however, economic volatility in emerging countries 
has no spillover effects. (2) House price volatility plays an important role in economic 
volatility. (3) Pro-cyclical changes in banks’ balance sheets have a catalytic role of financial 
accelerator that increases economic volatility. (4) Countercyclical monetary policies can 
smooth economic volatility; in particular, if the real interest rates are equal to or less than 
zero, countries can effectively avert economic recessions and prevent extreme economic 
volatility by stabilizing and stimulating investment. (5) Technological progress can alle-
viate economic volatility by increasing the rate of return on investment. 

This study makes the following contributions. Unlike a few other studies that high-
light the impact of saving rates or financial development on economic volatility, this study 
emphasizes that only by increasing the level of financial development and saving rates 
together, both nationally and internationally, can countries effectively avert severe eco-
nomic volatility. The remainder of the paper is structured as follows. Section 2 presents a 
review of the relevant literature and analysis mechanism to provide a theoretical basis for 
the model; Section 3 describes the cyclical characteristics of important economic variables 
to provide a realistic foundation for the model; Section 4 presents the theoretical model. 
Section 5 summarizes the paper and discusses the policy implications of the theoretical 
model. 

2. Literature Review 
Economic volatility is the fluctuations of economic variables (usually measured by 

the growth rate of GDP) around the long-term trend over time. The expansion of economic 
activities is followed by economic contraction, which in turn is followed by further eco-
nomic expansion. Economic volatility can be divided into four stages: recovery, expan-
sion, recession, and depression. Based on the double troughs division method, the interval 
from the lowest point of one fluctuation to the next lowest point is taken as one cycle. 
Economic volatility is often accompanied by drastic fluctuations in employment rate, con-
sumption, investment, and capital market [9]; it even causes unrest in countries and the 

Figure 1. (a) Net National Savings (% of gross national income, GNI), sourced by World Development Indicators (WDI);
(b) Financial Development Index, data from Svirydzenka [8].

The model concludes that low saving rates are the cause of economic volatility in
developed countries while lagging financial development triggers economic volatility
in emerging countries. With low saving rates in developed countries and low levels
of financial development in emerging countries, it is difficult to ease firms’ financing
constraints and maintain investment stability, which can cause economic volatility. In
addition, the theoretical model concludes that: (1) Under similar conditions, economic
volatility is more severe in developed countries—compared to emerging countries—and
has spillover effects by triggering interest rate fluctuations in the global capital market
and intensifying economic volatility in other countries; however, economic volatility in
emerging countries has no spillover effects. (2) House price volatility plays an important
role in economic volatility. (3) Pro-cyclical changes in banks’ balance sheets have a catalytic
role of financial accelerator that increases economic volatility. (4) Countercyclical monetary
policies can smooth economic volatility; in particular, if the real interest rates are equal to
or less than zero, countries can effectively avert economic recessions and prevent extreme
economic volatility by stabilizing and stimulating investment. (5) Technological progress
can alleviate economic volatility by increasing the rate of return on investment.

This study makes the following contributions. Unlike a few other studies that highlight
the impact of saving rates or financial development on economic volatility, this study
emphasizes that only by increasing the level of financial development and saving rates
together, both nationally and internationally, can countries effectively avert severe economic
volatility. The remainder of the paper is structured as follows. Section 2 presents a review of
the relevant literature and analysis mechanism to provide a theoretical basis for the model;
Section 3 describes the cyclical characteristics of important economic variables to provide
a realistic foundation for the model; Section 4 presents the theoretical model. Section 5
summarizes the paper and discusses the policy implications of the theoretical model.

2. Literature Review

Economic volatility is the fluctuations of economic variables (usually measured by
the growth rate of GDP) around the long-term trend over time. The expansion of eco-
nomic activities is followed by economic contraction, which in turn is followed by further
economic expansion. Economic volatility can be divided into four stages: recovery, ex-
pansion, recession, and depression. Based on the double troughs division method, the
interval from the lowest point of one fluctuation to the next lowest point is taken as one
cycle. Economic volatility is often accompanied by drastic fluctuations in employment
rate, consumption, investment, and capital market [9]; it even causes unrest in countries
and the world. Therefore, studying the mechanism underlying the formation of economic
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volatility and proposing effective measures to alleviate drastic economic volatility can be
of immense significance.

The explanations of economic volatility come from the business cycle theory. The
early business cycle theory believed economic volatility is a response of the economic
system to shocks; the economy would eventually move toward a new equilibrium. The
Great Depression of the 20th century heralded the failure of the early business cycle
theory, and Keynesianism came into being. Relying on the assumption of sticky wage
and prices, according to Keynesianism, insufficient effective demand led to the Great
Depression. It also stated that the policy of expanding aggregate demand is imperative.
However, Keynesianism could not explain the inflation and economic stagnation that led to
stagflation in the 1970s. The modern monetary theory closely associated with Friedman and
the theory of rational expectations closely associated with Lucas provided new explanations
for the business cycle, which led to the proposal of the neoclassical business cycle theory.
According to this, once the shocks of aggregate demand are expected by rational agents,
the wage and prices will change accordingly. The shocks of aggregate demand have only
nominal but no actual effects. Only under the condition of incomplete information do
shocks of aggregate demand have real effects. Therefore, economic volatility is mainly
caused by the real factors of aggregate supply [10,11]. Kydland and Prescott [12] further
regarded technology shock as the main force of economic volatility based on Lucas [11],
and thus, the real business cycle theory (RBC) was born. However, the assumption of
perfect competition, complete information, and the neglect of money make RBC theory
unconvincing. This led to the formation of the new Keynesian business cycle theory. The
new Keynesian dynamic stochastic general equilibrium (NK-DSGE) model became the
standard paradigm for analyzing economic volatility. According to this theory, economic
volatility is caused by shocks of supply and demand together. Further, both monetary
policy and fiscal policy have impacts on economic volatility.

All the above theories propose that economic volatility is caused by exogenous shocks.
However, in recent years, the endogenous business cycle theory emerged to examine the
sources of economic volatility from within the economic system; it proposes that nonlinear
and unstable mechanisms (such as firms’ investment) are the endogenous driving force
of economic volatility. Financial development plays a vital role in firms’ investment, and
hence, it may have a significant impact on economic volatility. Especially, the 1997 Asian
financial crisis and the 2008 global economic recession led to an increasing number of
scholars recognizing the role of the financial sector in spreading and amplifying economic
shocks that eventually lead to economic volatility and financial crises [13–16]. The main
mechanism is that economic shocks decline the net wealth of firms and banks, which
makes banks are reluctant to extend credit to firms. Accordingly, firms face financing
constraints; consequently, production activities become more difficult, and vicious circles
appear eventually, the economic shocks were amplified several times. Therefore, some
scholars believe that low levels of financial development amplify economic volatility [5].

However, the above literature only shows that the financial sector has a critical role
in extending and amplifying economic shocks, but it does not indicate the impact of
financial development on economic volatility. To examine this relationship, we must first
understand financial development. Although a broad concept, the basic significance of
financial development lies in the strength, efficiency, and stability of finance provided
by the financial sector to firms and individuals [8,17–19]. Therefore, when the level of
financial development is high, financing constraints are loose, and firms’ ability to cope
with economic shocks is strong. Thus, a high level of financial development may reduce
economic volatility. Some empirical studies use international panel data and the proportion
of credit or private credit to GDP to measure the level of financial development and find
that financial development helps to reduce consumption volatility, stock market volatility,
and output volatility [20–25]. Moreover, this conclusion holds for the United States (US),
China, the Organisation for Economic Co-operation and Development (OECD) countries,
and other countries [5,26,27]. Financial development eases firms’ financing constraints
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and stabilizes investment—the most volatile factor in economic volatility—and alleviates
economic volatility [5–7].

If financial development helps to mitigate economic volatility, the question arises:
why did the 2008 economic recession and the subsequent European debt crisis occur in
countries with the highest levels of financial development? Thus, it is evident that financial
development is not the only factor that determines financing constraints and investment.
Saving rates are another important factor for stabilizing investment flows and the economy.
Investment is transformed from savings through financial channels. Financial development
determines the efficiency of transforming savings into investment. If saving rates are very
low, notwithstanding how adequate financial development may be, it is difficult to stabilize
investment and the economy.

Jungeilges and Ryazanova [28] investigated the relationship between national savings
and economic volatility through a stochastic Goodwill-type business cycle model and
found that an increase in national savings would make the stochastic Goodwill economy
more robust, while a decrease in national savings would more likely lead to economic
volatility. Figure 2 shows that during the 2008 economic recession and the subsequent
European debt crisis, the national saving rates of the US and five European countries
continued to decline and plummeted to negative levels, which are historically the lowest.
Low saving rates made it difficult for these economies to withstand even a mild economic
shock, and economic crises were inevitable.
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Emerging countries often have very high saving rates but relatively low levels of
financial development. These countries cannot convert all savings into investments, nor
can they reduce economic volatility by stabilizing firms’ investments. Therefore, notwith-
standing Southeast Asian countries’ positive economic indicators, such as high growth, low
inflation, and fiscal balance, the Asian financial crisis broke out in 1997, because financial
development had lagged in these countries [18,29].

The existing literature shows that financial development and saving rates have a
significant impact on economic volatility. As countries cannot rely only on financial devel-
opment or saving rates to avoid severe economic volatility, it is necessary to investigate
the interactive impact of financial development and saving rates on economic volatility in
both developed and emerging countries. Therefore, we raise the following questions: (1) In
developed countries, how does the imbalance between low saving rates and high levels
of financial development affect economic volatility? (2) Similarly, in emerging countries,
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how does the disparity between high saving rates and low levels of financial development
affect economic volatility? Prior literature does not provide any answers to these questions.
Although some studies observed the imbalance in global financial development and saving
rates, they focused on the impact of global economic imbalances rather than international
economic volatility [30–33].

3. Economic Volatility

Before constructing the economic volatility model, it is necessary to reveal the cyclical
changes in important economic variables. In this study, the theoretical model explains
economic volatility only if it captures the characteristics of cyclical changes in the main eco-
nomic variables. For instance, considering the Asian financial crisis in 1997 and the global
economic recession in 2008, this study analyzes the cyclical changes of major economic
variables during economic volatility to provide a realistic basis for the theoretical model.

Investment is the most unstable economic variable in economic volatility. Figure 3a
shows that the economies of the four Southeast Asian countries, where the Asian financial
crisis originated in 1997, suffered a major setback, and investments declined rapidly.
However, the crisis did not have a significant impact on the US and other developed
countries. Figure 2 shows that the economic growth rates of both the US and a few
European countries were still above 4% in 1997. Figure 3b shows that investment did
not decline in the US, indicating that the spillover effects of economic volatility in small
economies are limited. Figure 3b shows that when the global economic recession occurred
in 2008, investment declined significantly in the US. At the same time, the crisis spread
worldwide. Figure 2 shows that the economies of five European countries slipped into a
recession; Figure 3a shows that domestic investments diminished in the four Southeast
Asian countries, indicating that the economic volatility of developed countries had spillover
effects, thereby impacting the economic volatility of emerging countries.
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data; (b) Real Fixed Asset Investment (Unit: the US $1 Billion), sourced by EIU country data.

The substantial increase or decrease in investment is inseparable from the expansion
or contraction of credit [34,35]. Figure 4 shows that credit decreased in the Philippines
and Thailand after the 1997 financial crisis, especially in Thailand. Similarly, after the 2008
global economic recession, credit declined in the US.
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During an economic crisis, the investments and credit values of firms drop sharply 
in open economies, and international capital tends to withdraw investment to other coun-
tries, causing the devaluation of the exchange rate. Figure 6 reports on the series of non-
resident portfolio investments in four Southeast Asian countries and the US, respectively. 
International capital had flowed into the US and emerging economies before 2008. During 

Figure 4. Domestic Loan (Unit: 1 Billion Domestic Currency), sourced by EIU country data.

Substantial increases or decreases of credit and investment often lead to increases or
decreases in the prices of factors of production and real interest rates [35]. Figure 5a depicts
the trend of the international commodity composite index. Before the economic crisis in
1997, the international commodity composite index had shown an upward trend, but after
1997, the international commodity composite index reached the lowest level. The same
thing happened around 2008. When the 2008 economic crisis happened, the international
commodity composite index fell precipitously. Figure 5b shows the series of real interest
rates in the four Southeast Asian countries and the United States. One can find that before
the economic crisis in 1997 and 2008, due to the sharp increase of investment, the demand
for credit in these countries had risen, resulting in the rise of real interest rates. When the
investment dropped sharply, the real interest rates fell quickly.
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Interest Rates (Unit: %), sourced by WDI.

During an economic crisis, the investments and credit values of firms drop sharply in
open economies, and international capital tends to withdraw investment to other countries,
causing the devaluation of the exchange rate. Figure 6 reports on the series of non-resident
portfolio investments in four Southeast Asian countries and the US, respectively. Inter-
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national capital had flowed into the US and emerging economies before 2008. During
the 2008 global economic recession, foreign portfolio investments decreased sharply in
these countries.
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Thus, based on the above typical facts, we derive the following basic conclusions:
(1) Investment, credit, interest rates, prices of factors of production, international capital
inflows, and exchange rates show obvious pro-cyclical changes. (2) Economic volatility in
developed countries may aggravate that of other countries, whereas economic volatility
in small open economies cannot affect other countries. The theoretical model proposed
in this study is convincing only if the change process of major economic variables in the
model is consistent with the above basic facts, and only in such a theoretical model can we
effectively demonstrate the impacts of saving rates and financial development on global
economic volatility.

4. Theoretical Model

The theoretical model proposed in this study is based on Aghion et al. [18], which
shows the impact of financial development on economic volatility in a small open economy.
A small open economy is only a small part of the world market, and its impact on the
world market is insignificant; it is not strong enough to change the economic variables
such as prices, interest rates, or income in the world market. However, the theoretical
model [18] does not include saving rates, the financial accelerator effect, or the impact of
monetary policies on economic volatility. Furthermore, Aghion et al.’s [18] study does
not include the different mechanisms of economic volatility in developed countries and
emerging countries, the spillover effects of economic volatility of developed countries, and
several other aspects that have been examined in this study.

4.1. The Model Framework

This model considers dynamic and open economies i; i = 1 indicates emerging coun-
tries, and i = 2 denotes developed countries. Although several differences exist between
emerging and developed countries, for this paper, we mention only three related differ-
ences: first, developed countries have high levels of financial development while emerging
countries have low levels of financial development. Second, the saving rates in developed
countries are low while those in emerging countries are high. The stability of investment
cannot be maintained with low saving rates or low levels of financial development. There-
fore, low saving rates cause economic volatility in developed countries, while lagging
financial development leads to economic volatility in emerging countries. Third, as large
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open economies, changes in investment in developed countries lead to changes in interest
rates in the international market, which in turn leads to changes in investment both in
emerging and developed countries. As small economies, the interest rates in emerging
countries are based on the exogenous interest rates in the international market, that is,
changes in investment in emerging countries will not cause changes in the interest rates in
the international market. Therefore, under the same conditions, the economic volatility
of developed countries is more violent and has spillover effects, while that of emerging
countries does not have spillover effects.

Equation (1) shows the constant elasticity of substitution (CES) production function
adopted by firms.

f (Ki, ωi) = Ai(K
ρi
i + γiω

ρi
i )

1/ρi (1)

We assume that factor productivity Ai is higher than the international capital market
interest rate r. Given free trade and no capital account controls, capital Ki can move freely
between different countries, but the country-specific factor of production, ωi, cannot move
across borders. Every country uses Ki and ωi to produce a tradable product yi. γi is the
weight of ωi in the production function, and γi > 0. 1

1−ρi
is the elasticity of substitution for

Ki and ωi, where 0 6= ρi < 1. According to Aghion et al. [18], the country-specific factor of
production can be considered as real estate. This study takes the tradable goods produced
by firms as numeraire, denoted by the price of the country-specific factor pi, and pi can
also be interpreted as the real exchange rate.

There are Ni banks in country i, and Ni ≥ 0. In theory, Ni = 0 also has economic
meaning. However, in the real world, every country has banks, but regardless of Ni > 0 or
Ni ≥ 0, no substantial impact affects the conclusions of our model. Therefore, in theory,
Ni ≥ 0 is more general. Banks do not engage in productive activities. The deposit size of
each bank in countries i and in period t is Sit, and Sit ≥ 0. Sit is not equal to banks’ assets,
and there are two reasons. On one hand, monetary policies make the assets of banks greater
or smaller than Sit. This paper uses Mit(·) to indicate how loose the monetary policies
are, and Mit(·). The looser the monetary policies, the larger the Mit(·). On the other hand,
banks may actively expand their balance sheets according to their economic situation. This
study uses Bit(·) ≥ 0 to represent the extent to which banks’ balance sheets have been
expanded, and Bit(·) ≥ 0. As banks expand their balance sheets, Bit(·) ≥ 0 increases. Thus,
the assets of banks are Sit Mit(·) Bit(·). For the convenience of the following analysis, Mit(·)

is fixed as
−
M and Bit(·) is fixed as

−
B temporarily. We hypothesize that the bank issues

the δiq part of the asset Sit
−
B
−
M to firms as credit and δiq ∈ [0, 1]. It is assumed that the

lending decisions of the banks are independent of each other, and each firm only borrows
from the bank that provides the largest amount of credit to the firm. The cumulative
distribution function of δi,max is FN(δi,max), therefore, the probability density function is
Ni f (δi,max)FN−1(δi,max).The credit Lit is:

Lit = Sit
−
B
−
MNi

∫ 1

0
f (δi,max) FN−1(δi,max)δi,maxdδi,max

Assuming that δi,max is uniformly distributed on [0, 1], then F(δi,max) = δi,max and
f (δi,max) = 1; therefore, Lit can be expressed as:

Lit = Sit
−
B
−
M

Ni
Ni + 1

The wealth of firms in period t is Πit and investment Iit is:

Iit = Lit + Πit = Sit
−
B
−
M

Ni
Ni + 1

+ Πit = (Sit
Ni
−
B
−
M

NiΠit

Ni
Ni + 1

+ 1)Πit
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We define NiSit as the total savings of country i in period t, and NiΠit as the total
wealth of country i in period t; thus, the saving rate, sit, of country i in period t equals to
NiSit/NiΠit. Therefore:

Iit = (sit
Ni
−
B
−
M

Ni + 1
+ 1)Πit (2)

This study uses Ni
Ni+1 to measure financial development; the larger the number of

banks, Ni, the higher the level of financial development and the efficiency of transforming
savings into investment. Ni

Ni+1 → 1 when Ni → +∞ , for the moment, the level of financial

development is maximum, and savings are all converted into investment. sit
Ni
−
B
−
M

Ni+1 deter-
mines the level of financing constraints for firms. The larger sit and Ni are, the looser will
be firms’ financing constraints, and the larger will be credit and investment.

As Kit = Iit − pitωi, therefore,

yit = max
ωi

f (Iit − pitωi, ωi)

According to the first-order condition, we can obtain:

yit = ψ(pit)Iit (3)

and

ψ(pit) = Aiφ(pit)
1−ρi

ρi (4)

In Equation (4), φ(pit) = 1 + pit

ρi
ρi−1 γi

1
1−ρi .

When firms face financing constraints, Iit = (sit
Ni
−
B
−
M

Ni+1 + 1)Πit. In this case, the rate
of return on investment ψ(pit) is greater than the international interest rate r, firms will
expand investment as much as possible, and the market for the factors of production clears
when

( pi
γi
)

1
ρi−1 (si

Ni
−
B
−
M

Ni+1 + 1)Πi

φ(pi)
= ω∗i (5)

4.2. Economic Volatility in Emerging Countries

Assuming that emerging countries are small economies, interest rates are set by the
international interest rates, namely r, and emerging countries’ investments will not change
the interest rates in the international capital market. From Aghion et al. [18], the path of
economic development is analyzed from the following two aspects.

First, firms have financial constraints. At this point, I1t = (s1t
N1
−
B
−
M

N1+1 + 1)Π1t. The rate
of return on investment is greater than the interest rate, that is, ψ(p1t) > r. Firms invest all
their wealth and credit. The dynamic equation of firms’ wealth is

Π1t+1 = R1 + [(s1t
N1
−
B
−
M

N1 + 1
+ 1)ψ(p1t)− rs1t

N1
−
B
−
M

N1 + 1
]Π1t (6)

R1 is the exogenous output income, and Equation (6) indicates that wealth in the
next period is equal to the current output minus interest, and plus the exogenous output

income. Equation (5) can be written as ( p1
γ1
)

1
ρ1−1 I1 = ω∗1 (1 + p1

ρ1
ρ1−1 γ

1
1−ρ1
1 ). When taking its

derivative concerning p1 and Π1 respectively, we obtain (see Appendix A):

dp1

dΠ1
=

(1− ρ1)p1φ(p1)

φ(p1)− ρ1[φ(p1)− 1]
1

Π1
(7)
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As ρ1< 1, dp1
dΠ1
≥0. With the growth of wealth Π1, investment expands and this in-

creases the demand for the country-specific factor of production and its price, p1. According
to Equation (4), we obtain:

ψ′(p1) = −
φ(p1)− 1
p1φ(p1)

ψ(p1) (8)

By differentiating Equation (6) and using Equations (7) and (8), we obtain (see Ap-
pendix B):

dΠ1t+1

dΠ1t
=

(s1
N1
−
B
−
M

N1+1 + 1)ψ(p1)

φ(p1)(1− ρ1) + ρ1
− rs1

N1
−
B
−
M

N1 + 1
(9)

According to Equation (9), the dynamic change trajectory of wealth in emerging
countries is the result of the interaction between the two effects. First, it is the wealth effect.

As
(s1

N1
−
B
−
M

N1+1 +1)ψ(p1)

φ(p1)(1−ρ1)+ρ1
≥ 0, therefore, any increase in wealth in the current period will increase

wealth in the next period by expanding both investment and output. Second, it is the price

effect. Because −rs1
N1
−
B
−
M

N1+1 ≤ 0, and an increase in wealth in the current period will increase
the price of the country-specific factor of production, which will reduce both profit and
wealth during the next period.

The condition of economic volatility is dΠ1t+1
dΠ1t

< 0, which means:

(s1
N1
−
B
−
M

N1 + 1
+ 1)ψ(p1) < [φ(p1)(1− ρ1) + ρ1]rs1

N1
−
B
−
M

N1 + 1
(10)

According to Equation (9), when s1
N1
−
B
−
M

N1+1 is very small, for example, when s1
N1
−
B
−
M

N1+1 = 0,

then dΠ1t+1
dΠ1t

> 0, and there is no economic volatility in emerging countries. Because the
price effect, which is the key factor causing economic volatility, does not exist at the

moment. When both sides of Equation (10) are divided by s1
N1
−
B
−
M

N1+1 , it is not difficult to see

that Formula (10) is more likely to be held with the gradual increase of s1
N1
−
B
−
M

N1+1 . When

s1
N1
−
B
−
M

N1+1 > −ψ(p1)
ψ(p1)−[φ(p1)(1−ρ1)+ρ1]r

and ψ(p1)− [φ(p1)(1− ρ1) + ρ1]r < 0, we obtain dΠ1t+1
dΠ1t

< 0,
and economic volatility exists in emerging countries at this time.

Second, when s1
N1
−
B
−
M

N1+1 is large enough and there are no financing constraints, firms

only borrow less than s1t
N1
−
B
−
M

N1+1 Π1t from a bank, that is, Lit < s1t
N1
−
B
−
M

N1+1 Π1t, and face the
constraint of ψ(p1t) = r. There is no difference between continuing to increase investment
and investing wealth in the international capital market, that is, yit − rLit = rΠ1t. At
this point,

Π1t+1 = R1 + rΠ1t (11)

and dΠ1t+1
dΠ1t

= r.
At this point, there is no economic volatility in emerging countries.
When considering a special case with ρ1 → −∞ , at this point, the production function

degenerates into the Leontief form. When s1
N1
−
B
−
M

N1+1 is small, investment is not sufficient to
consume the country-specific factor of production, ω1. According to the characteristics
of the Leontief production function, if there is a surplus of ω1, its price p1 equals zero,
and the output yit = A1 Iit. The dynamic equation of firms’ wealth is Π1t+1 = R1 +

[A1(s1
N1
−
B
−
M

N1+1 + 1)− s1
N1
−
B
−
M

N1+1 r]Π1t, therefore, dΠ1t+1
dΠ1t

= A1(s1
N1
−
B
−
M

N1+1 + 1)− s1
N1
−
B
−
M

N1+1 r > 0. In
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this case, there was no economic volatility. As s1
N1
−
B
−
M

N1+1 increases, ω1 is insufficient to meet
investment needs gradually; therefore, p1 > 0. Substituting ρ1 → −∞ into Equation (9),

we find that dΠ1t+1
dΠ1t

= −s1
N1
−
B
−
M

N1+1 r < 0, there is economic volatility, and dΠ1t+1
dΠ1t

takes its
minimum.

This is because when ρ1 → −∞ , the elasticity of substitution reaches a minimum,
and it is the most difficult time to replace the country-specific factor of production by
capital; therefore, its prices will fluctuate more. As a result, emerging countries are more

likely to experience severer economic volatility. When s1
N1
−
B
−
M

N1+1 is sufficiently large, the

wealth dynamic equation is given by Equation (11). Thus, dΠ1t+1
dΠ1t

= r, and there is no
economic volatility in emerging countries. By using the Leontief production function
(when ρ1 → −∞ ), we can obtain the conclusions of this study more directly, and it will be
easier to understand the economic meaning of the theoretical model.

In conclusion, when s1
N1
−
B
−
M

N1+1 is either very large or very small, emerging countries do

not experience economic volatility; only when s1
N1
−
B
−
M

N1+1 , firms’ financing constraints are at a
medium level can there be economic volatility. Matsuyama, Kunieda, and Shibata reached
a similar conclusion based on the overlapping generation model [36,37]. In emerging
countries, saving rates are very high, and if their financial development levels are also very

high, s1
N1
−
B
−
M

N1+1 increases and become very large, and the economic development trajectory
of emerging countries will be as shown in Formula (11), without economic volatility. Due

to the low levels of financial development in emerging countries, s1
N1
−
B
−
M

N1+1 may be at the
middle level, resulting in economic volatility. Reducing the saving rates of emerging
countries can smooth economic volatility, but this could be at the cost of increasing the
financing constraints of firms and reducing investment and wealth. Finally, the economy
converges to a lower level of equilibrium.

In the theoretical model, the mechanism of economic volatility is as follows: First,
firms borrow money from banks to expand investments; initially, the price of the country-
specific factor of production does not rise significantly, and the wealth effect occupies a
dominant position. In such circumstances, firms’ profits continue to rise, and international
capital inflows to share the wealth, which causes the exchange rate to rise. The continuous
increase in investment makes the demand and price of the country-specific factor of
production rise sharply. As a result, the price effect begins to occupy a dominant position,
resulting in reducing the inflow of international capital, investment, output, and wealth.
Consequently, the demand and price of the country-specific factors of production begin to
decline. When the price of the country-specific factor of production falls to a certain level
that makes investment profitable again, the above economic variables will move in the
opposite direction to start a new cycle of economic prosperity.

The pro-cyclical change process of each economic variable is consistent with that
of previous economic crises. When financial development is inadequate in emerging
countries, it is difficult to convert high savings into effective investments; as a result,
emerging countries find it difficult to provide a constant supply of funds for sustained
economic growth. During an economic downturn, it is difficult to ease firms’ financing
constraints to prevent the shrinkage of investment, output, and other variables. Thus, it is
difficult for emerging countries to avoid economic volatility.

The model shows that the price of the country-specific factor of production plays an im-
portant role in economic volatility. Referring to the existing literature, the country-specific
factor of production can be deemed as real estate, therefore, house prices play a crucial role
in economic volatility. Before the 1997 Asian financial crisis and the subprime mortgage
crisis in 2008, the real estate industry had experienced rapid growth in several countries.
As a result, housing prices soared, and economic prosperity progressed. However, after the
bubble burst, house prices plummeted, and the economic activity slowed down. Historical
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experience also shows that as the real estate sector contributes significantly to the economy,
house prices have a major impact on economic volatility and economic crises.

In addition to house prices p1, factor productivity A1 also has an impact on economic

volatility. As ψ(p1t) = A1φ(p1t)
1−ρ1

ρ1 , ψ(p1t) increases as A1 increases, which causes dΠ1t+1
dΠ1t

in Formula (9) to augment. Therefore, an increase in factor productivity A1, which can
largely be represented by technological progress, will reduce economic volatility. The
mechanism is that increase in A1 will raise the rate of return on investment, namely ψ(p1t)
and the expanding wealth effect will offset the adverse impact of the price effect caused
by the rise in the price of ωi on investment and wealth, and this alleviates an economic
recession and promotes the accumulation of firms’ wealth.

Finally, this study investigates the impact of interest rates on economic volatility. It
can be observed that the smaller the r, the larger the dΠ1t+1

dΠ1t
, and the economy is less volatile.

The underlying mechanism is also very simple. Cutting interest rates reduces costs for
firms and stimulates investment. In particular, when interest rates are equal to or smaller
than zero, dΠ1t+1

dΠ1t
≥ 0, the economy can effectively avert economic volatility. Since the 2008

economic recession, some countries set legal interest rates equal to zero, so real interest
rates may be negative, and our model shows that these policies have a theoretical basis
and can effectively alleviate or even avoid sharp economic volatility and economic crises.

4.3. Economic Volatility in Developed Countries and Their International Spillover Effects
4.3.1. Economic Volatility in Developed Countries

Similar to Equation (6), when firms have financing constraints, the wealth dynamic
equation of developed countries is:

Π2t+1 = R2 + [(s2t
N2
−
B
−
M

N2 + 1
+ 1)ψ(p2t)− rs2t

N2
−
B
−
M

N2 + 1
]Π2t (12)

Based on the analysis of economic volatility in emerging countries, when s2
N2
−
B
−
M

N2+1 is
intermediate, but not very small or very large, developed countries experience economic
volatility. House prices have a major impact on economic volatility. Technological progress
reduces economic volatility in developed countries. Cutting interest rates also eases eco-
nomic volatility. Developed countries have high levels of financial development; however,

their saving rates are very low, so that s2
N2
−
B
−
M

N2+1 may be intermediate; therefore, dΠ2t+1
dΠ2t

will be negative, and the economies of developed countries will have more fluctuations.
Reducing the levels of financial development in developed countries can also smooth
economic volatility, but this will be at the cost of increasing firms’ financing constraints
and reducing their investments and wealth; as a result, the economy will finally converge
to a lower equilibrium.

Unlike emerging countries, which are small economies, developed countries can be
considered as large economies. Changes in investment will change international interest
rates. When investments in developed countries expand, international interest rates will
rise. Otherwise, international interest rates fall. Based on this characteristic of large and
developed economies, this study makes rt = r(I2t), and drt

dI2t
> 0. The derivative of

Equation (12) is:

dΠ2t+1

dΠ2t
=

(s2
N2
−
B
−
M

N2+1 + 1)ψ(p2)

φ(p2)(1− ρ2) + ρ2
− r(I2)s2

N2
−
B
−
M

N2 + 1
− s2

N2
−
B
−
M

N2 + 1
Π2t(s2

N2
−
B
−
M

N2 + 1
+ 1)

drt

dI2t
(13)

As−s2
N2
−
B
−
M

N2+1 Π2t(s2
N2
−
B
−
M

N2+1 + 1) drt
dI2t

< 0, under the same conditions, dΠ2t+1
dΠ2t

in Equation (13)

is smaller than dΠ1t+1
dΠ1t

in Equation (9), indicating that developed countries are more likely to
generate extreme economic volatility than emerging countries under the same conditions.
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4.3.2. Spillover Effects of Economic Volatility in Developed Countries

As large and open economies, any change in investments in developed countries will
alter international interest rates. This not only fluctuates interest rates but also becomes a
cause of economic volatility and disturbs the economies of other countries. For example,
before the 2008 global economic recession, the sustained huge investment in the US had
formed asset bubbles and pushed the rate of inflation higher, forcing the Federal Reserve
(Fed) to raise interest rates promptly and repeatedly. Figure 5b shows that during most
periods, emerging countries’ real interest rates followed those of the U.S. The increase in
interest rates was one of the factors that triggered the 2008 global economic recession.

As small economies, the change in investments in emerging countries will not alter
interest rates in the global market, and the economic volatility of emerging countries will
not produce spillover effects and affect other countries. When analyzing the international
spillover effects of economic volatility in developed countries, we must analyze it based
on the following two models: first, the two-country model of two developed countries;
second, the two-country model of one developed country and one emerging country.

Spillover Effects of Economic Volatility in Developed Countries on Other
Developed Countries

The analysis of the spillover effects of economic volatility in developed countries
should be carried out in two ways. First, the business cycles of two developed countries
are in the same direction. Let i = 3 represent another developed country. As the business
cycles of the two countries are synchronized, therefore, Π3t = Π3t(Π2t), and dΠ3t

dΠ2t
> 0. As

the two developed countries are big economies, the change in investment in each country
alters the international interest rates. Thus, interest rates in the international capital market
are a function of investments in the two developed countries. When investment expands in
each developed country, the international interest rates will rise; otherwise, the interest rates
will decrease. Therefore, the international interest rates can be written as rt = r(I2t, I3t),
drt
dI2t

>0, and drt
dI3t

> 0. When considering the spillover effects of economic volatility among
developed countries, Equation (13) becomes

dΠ2t+1
dΠ2t

=
(s2

N2
−
B
−
M

N2+1 +1)ψ(p2)

φ(p2)(1−ρ2)+ρ2
− r(I2t, I3t)s2

N2
−
B
−
M

N2+1 − s2
N2
−
B
−
M

N2+1 Π2t[(s2
N2
−
B
−
M

N2+1 + 1) dr(I2t ,I3t)
dI2t

+(s3
N3
−
B
−
M

N3+1 + 1) dr(I2t ,I3t)
dI3t

dΠ3t
dΠ2t

]

(14)

As −s2
N2
−
B
−
M

N2+1 Π2t(s3
N3
−
B
−
M

N3+1 + 1) dr(I2t ,I3t)
dI3t

dΠ3t
dΠ2t

< 0, dΠ2t+1
dΠ2t

in Equation (14) is smaller than
that obtained by Equation (13). It shows that under the same conditions when the busi-
ness cycles of the two developed countries are synchronized, “co-frequency resonance”
occurs and aggravates the domestic economic volatility of each developed country. The
economic logic is that investments change in the same direction in both countries, thereby
aggravating the disturbance of interest rates and further amplifying economic volatility.
When the business cycles of the two developed countries are reversed, dΠ3t

dΠ2t
< 0. dΠ2t+1

dΠ2t
in Equation (14) is larger than that obtained using Equation (13). This shows that under
the same conditions when the business cycles of the two developed countries are oppo-
site, the reverse change in the investments of the two countries reduces the impact of
interest rate fluctuations on their domestic economies and alleviates economic volatility in
both countries.

Spillover Effects of Economic Volatility in Developed Countries on Emerging Countries

In the analysis of economic volatility in emerging countries, interest rates are assumed
to be exogenous. In the two-country model of an emerging country and a developed
country, it is necessary to consider the impact of economic volatility of developed countries
on the changes in international interest rates and the spillover effects of developed countries’
economic volatility on emerging countries. Similarly, the analysis is going to be conducted
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based on two aspects. First, the business cycles of both emerging and developed countries
are in the same direction. At this point, Π2t = Π2t(Π1t), and dΠ2t

dΠ1t
> 0. Interest rates in

the international capital market are only affected by investments in developed countries;
therefore rt = r(I2t), and drt

dI2t
> 0. When considering the spillover effects of the economic

volatility of developed countries on emerging countries, Equation (9) will be written as:

dΠ1t+1

dΠ1t
=

(s1
N1
−
B
−
M

N1+1 + 1)ψ(p1)

φ(p1)(1− ρ1) + ρ1
− rts1

N1
−
B
−
M

N1 + 1
− s1

N1
−
B
−
M

N1 + 1
(s2

N2
−
B
−
M

N2 + 1
+ 1)Π1t

drt

dI2t

dΠ2t

dΠ1t
(15)

It can be observed that dΠ1t+1
dΠ1t

in Equation (15) is smaller than that given by Equation (9).
This shows that under the same conditions when the business cycles of both emerging
and developed countries are in the same direction, the economic volatility of developed
countries spills over into emerging countries. At this time, the price of the country-specific
factor of production will change in the same direction as the international interest rates,
resulting in a stronger price effect and aggravating the economic volatility of emerging
countries. When the economic cycle of an emerging country is reversed from that of a
developed country, dΠ2t

dΠ1t
< 0. dΠ1t+1

dΠ1t
in Equation (15) is larger than that obtained by Equa-

tion (9). Under the same conditions, compared with the one-country model, the economic
volatility of emerging countries in the two-country model has been alleviated. At this time,
interest rates in the global capital market change in the opposite direction with the price
of the country-specific factor of production in emerging countries, which is conducive to
reducing the price effect on the economic volatility of emerging countries.

In the real world, the economies of various countries are often interdependent, and
business cycles are often synchronous. Therefore, economic volatility in developed coun-
tries tends to spread to other countries, exacerbating economic volatility in other developed
and emerging countries.

4.4. Impacts of the Financial Accelerator Effect and Monetary Policies on Economic Volatility

After analyzing the economic volatility in both emerging and developed countries
and their spillover effects, this study examines the financial accelerator effect of procyclical
changes in banks’ balance sheets and the impact of monetary policies on economic volatility.

4.4.1. Financial Accelerator Effect

The model above does not consider the impact of cyclical changes in banks’ balance

sheets on economic volatility, as Bit(·) is fixed as
−
B. In the real world, banks adjust their

balance sheets according to the economic situation. Banks tend to expand their balance
sheets during boom periods and shrink them during recessions. Procyclical changes in
banks’ balance sheets act as financial accelerators, amplifying economic volatility. Therefore,
it is necessary to analyze the impact of procyclical changes in banks’ balance sheets on
economic volatility.

Let Bit(·) = B(Πit), and dB(Πit)
dΠit

> 0. After considering the procyclical response
behavior of banks, Equation (9) should be rewritten as (see Appendix C):

dΠ1t+1

dΠ1t
=

(s1
N1B(Π1t)

−
M

N1+1 + 1)ψ(p1)

φ(p1)(1− ρ1) + ρ1
− rs1

N1B(Π1t)
−
M

N1 + 1
+ [

ψ(p1)

φ(p1)(1− ρ1) + ρ1
− r]s1

N1
−
M

N1 + 1
Π1t

dB(Π1t)

dΠ1t
(16)

If there is economic volatility in emerging countries, it indicates that

ψ(p1) − [φ(p1)(1− ρ1) + ρ1]r < 0; in this case, [ ψ(p1)
φ(p1)(1−ρ1)+ρ1

− r]s1
N1
−
M

N1+1 Π1t
dB(Π1t)

dΠ1t
<0.

dΠ1t+1
dΠ1t

obtained by Equation (16) is smaller than that in Equation (9). Therefore, under
the same conditions, considering the procyclical response behavior of banks will make
emerging countries more prone to generate more severe economic volatility.

Similarly, Equation (13) is rewritten as:
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dΠ2t+1
dΠ2t

=
(s2

N2B(Π2t)
−
M

N2+1 +1)ψ(p2)

φ(p2)(1−ρ2)+ρ2
− rts2

N2B(Π2t)
−
M

N2+1 − s2
N2B(Π2t)

−
M

N2+1 Π2t(s2
N2B(Π2t)

−
M

N2+1 + 1) drt
dI2t

+[ ψ(p2)
φ(p2)(1−ρ2)+ρ2

− rt]s2
N2
−
M

N2+1 Π2t
dB(Π2t)

dΠ2t

(17)

dΠ2t+1
dΠ2t

in Equation (17) is smaller than that in Equation (13). Therefore, under the same
conditions, the procyclical response behavior of banks will also make the developed
countries more prone to produce more severe economic volatility.

Thus, under the same conditions, pro-cyclical changes in banks’ balance sheets will
cause more severe economic volatility in both developed and emerging countries.

4.4.2. The Impact of Monetary Policies on Economic Volatility

In the above analysis, this study does not consider the impact of monetary policies on

economic volatility, and Mit(·) is fixed as
−
M for convenience. In the real world, a central

bank’s monetary policy is not fixed. When the economy is excessively prosperous, the
country’s central bank usually implements tight monetary policies to prevent overheating
of the economy and provides room for future monetary policies. In an economic recession,
the central bank often implements expansionary monetary policies to stimulate the econ-
omy. Given the countercyclical characteristic of monetary policies, let Mit(·) = M(Πit)

and dΠ1t+1
dΠ1t

< 0. After considering the countercyclical monetary policies, Equation (9) can
be rewritten as:

dΠ1t+1

dΠ1t
=

(s1
N1 M(Π1t)

−
B

N1+1 + 1)ψ(p1)

φ(p1)(1− ρ1) + ρ1
− rs1

N1M(Π1t)
−
B

N1 + 1
+ [

ψ(p1)

φ(p1)(1− ρ1) + ρ1
− r]s1

N1
−
B

N1 + 1
Π1t

dM(Π1t)

dΠ1t
(18)

If there is economic volatility in emerging countries, it indicates that
ψ(p1) − [φ(p1)(1− ρ1) + ρ1]r < 0; in this case, dΠ1t+1

dΠ1t
in Equation (18) is larger than

that in Equation (9). At this time, the economic volatility of emerging countries has
been alleviated.

Similarly, Equation (13) can be rewritten as:

dΠ2t+1
dΠ2t

=
(s2

N2 M(Π2t)
−
B

N2+1 +1)ψ(p2)

φ(p2)(1−ρ2)+ρ2
− rts2

N2 M(Π2t)
−
B

N2+1 − s2
N2 M(Π2t)

−
B

N2+1 Π2t(s2
N2 M(Π)

−
B

N2+1 + 1) drt
dI2t

+[ ψ(p2)
φ(p2)(1−ρ2)+ρ2

− rt]s2
N2
−
B

N2+1 Π2t
dM(Π2t)

dΠ2t

(19)

Similarly, dΠ2t+1
dΠ2t

in Equation (19) is larger than that in Equation (13). Thus, the eco-
nomic volatility of developed countries has been alleviated. In other words, countercyclical
monetary policies reduce the economic volatility of both emerging and developed countries
and reduce the spillover effects of economic volatility in developed countries. When the
economy is excessively prosperous, implementation of tight monetary policies increases
firms’ financing constraints and reduces investments of firms, and prevents the excessive
rise of interest rates, the price of the country-specific factor of production, and excessive
economic growth. During an economic recession, the implementation of loose monetary
policies is conducive to easing the financing constraints of firms, as it increases firms’
investments, output, and profits, and the price of the country-specific factor of production
and interest rates.

5. Conclusions and Policy Implications

All previous economic crises provide the best opportunity to study the mechanism of
economic volatility and have enabled scholars to explore the various causes of economic
volatility, broadly and constantly. Some studies show that low saving rates and inadequate
financial development triggered the Latin American economic crisis during the 1980s, the
Asian financial crisis in the late 1990s, and the global economic recession in 2008; however,
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there is a lack of a unified and normative theoretical framework to illustrate the impact
of low saving rates on the economic volatility of developed countries, and the impact of
lagging financial development on the economic volatility of emerging countries.

This study constructs a dynamic and open economy model to analyze these problems
normatively. The model shows that it is difficult for developed countries to maintain
investments stability and provide a continuous supply of capital for sustained economic
growth with low saving rates. When the price of the country-specific factor of production
and interest rates rise, the profit and credit value of firms decline. Because of the low
saving rates, developed countries cannot provide sufficient capital to ease firms’ financing
constraints to prevent the shrinkage of investment, output, and other variables. Therefore,
it is difficult for developed countries to avoid economic recessions. Due to the low levels
of financial development, it is difficult to ease firms’ financing constraints in emerging
countries. Emerging countries find it difficult to convert high savings into effective invest-
ments to maintain sustained economic growth or prevent an economic recession. Finally,
economic volatility in emerging countries cannot be avoided.

Under the same conditions, as large economies, developed countries experience more
severe economic volatility than emerging countries; moreover, their economic volatility
has international spillover effects that aggravate the economic volatility of other countries.
Thus, any change in developed countries’ investments will change the interest rates in
the global capital market, and this change in interest rates will become another source of
global economic volatility. As small economies, investments changes in emerging countries
cannot affect interest rates in the international capital market, and the economic volatility
of emerging countries has no spillover effects.

In addition, the theoretical model also finds that banks’ pro-cyclical behavior plays the
catalytic role of a financial accelerator, amplifying and aggravating economic volatility. As
banks’ balance sheets change in a pro-cyclical way, firms’ financing constraints are relaxed
during a boom, resulting in larger credit, investment, and output. However, during an
economic recession, firms’ financing constraints are very tight, thereby leading to further
shrinkage of credit, investment, and output. The effect and mechanism of countercyclical
monetary policies are opposite to those of banks’ pro-cyclical behavior. Central banks’
countercyclical monetary policies can mitigate economic volatility; in particular, if the
real interest rates are equal to or less than zero, countries can effectively avert economic
volatility. The theoretical model also shows that technological progress is conducive to
improving the rate of return on investment and slowing down economic volatility. The
change in the price of the country-specific factor of production, namely house prices, plays
a crucial role in economic volatility.

To avert drastic economic volatility and a global economic recession, developed
countries must increase their saving rates in the long run, while emerging countries should
gradually improve the levels of financial development to ease firms’ financing constraints
and avoid a sharp decline in firms’ investments. In the short term, as house prices are
the key to economic volatility, preventing an excessive rise in real estate prices can reduce
economic volatility. At the same time, when the economy is in a recession, reducing interest
rates will help to decrease firms’ costs and improve the rate of return on investment,
especially reducing the spillover effects of economic volatility in developed countries.
Meanwhile, implementation of countercyclical monetary policies and reducing the pro-
cyclical reaction of banks will help to restore the credit value of firms and temporarily ease
their financing constraints, and this can help to prevent a sharp decline in investment and
avoid an economic recession. From the perspective of foreign economic policies, controlling
the capital account and stabilizing the exchange rate temporarily will help to reduce the
impact of international capital outflow on domestic economic volatility during an economic
downturn. Finally, technological progress is also a driving force to promote economic
growth and prevent economic recessions.

For the sake of simplicity and the convenience of the readers in understanding the
economic meaning of this theoretical model, financial development and saving rates are
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exogenous in the model, which may be a limitation of this paper. Therefore, as future
research one can establish an economic volatility model with endogenous financial devel-
opment and saving rates. Another research direction can be based on Zavadskas et al. [38]
by introducing uncertainty, information asymmetry, and enterprise default into the model,
which will make the theoretical model more consistent with the reality and increase the
explanatory power of the model. In this case, firms may go bankrupt and incur liquidation
and reorganization costs. Under the same conditions, the world will have a more serious
recession and more severe economic volatility.

Author Contributions: Conceptualization, H.Z.; methodology, H.L.; software, H.Z.; validation, S.L.;
formal analysis, H.L.; data curation, S.L.; writing—original draft preparation, H.Z. and H.L.; writing—
review and editing, H.Z.; visualization, S.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Starting Research Fund from Zhejiang Sci-Tech University
(No. 20092343-Y).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

After the total differentiation of Equation (5), we get:
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After both sides are divided by ( p1
γ1
)

1
ρ1−1 , then multiplied by p1, and divided by

(s1
N1
−
B
−
M

N1+1 + 1), we find that

1
ρ1 − 1

Π1dp1 + p1dΠ1 =
ρ1

ρ1 − 1
φ(p1)− 1

φ(p1)
Π1dp1

After term shifting and simplification, we obtain Equation (7).

Appendix B

After total differentiation of Equation (6), we obtain:
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After simplification, we obtain Equation (9).
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Appendix C

The total differential of Equation (5) is as follows:
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