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a b s t r a c t 

Though sharing a similar practice form, the emission trading scheme is distinguished from traditional 

financial markets: firms coordinate three abatement options at the micro level, including allowance trad- 

ing, output adjustment, and low-carbon technology adoption. Then, at the macro level, this leads to dy- 

namic interactions among allowance market, output market, and low-carbon technology diffusion. This is 

the fundamental characteristic of the emission trading scheme, and modeling the dynamics behind is a 

major difficulty for relevant studies, especially when following complexities are considered: (1) different 

planning horizons of the three abatement options, (2) heterogeneity among sectors and firms, and (3) 

details of firms’ production and optional low-carbon technologies. Aiming at this difficulty, we establish 

an agent-based model for the emission trading scheme, and within a novel multi-level time frame, the 

fundamental characteristic is reflected and the complexities are considered. Firms’ production and low- 

carbon technologies are discretely modeled at a process level from a bottom-up perspective, and based on 

European data, our model is calibrated to cover 5 industrial sectors, 11 emission-intensive products, 25 

production processes, and 52 low-carbon technologies. With this model, the emergence properties and 

uncertainty of the system are captured, and the non-linear impact of the abatement target is reflected 

and discussed. We find that, after a certain level, higher target leads to lower allowance price uncertainty 

but stronger output impact, which is a trade-off for setting the abatement target. 

© 2020 Elsevier B.V. All rights reserved. 

1

 

t  

c  

f  

c  

U  

s  

t  

fi  

a  

p  

f

W

a  

c  

a

 

t  

f  

t  

(  

d  

l  

n  

a

 

h

0

. Introduction 

Against the background of global climate change, the emission

rading scheme (ETS) is regarded as a key policy instrument for

ontrolling greenhouse gas (GHG) emission and promoting the dif-

usion of low-carbon technologies, due to its cost-effectiveness,

omprehensiveness, and flexibility ( Newell, Pizer, & Raimi, 2014 ).

sing this mechanism, the government sets a target level of emis-

ions over a specified abatement phase, and allocates the right

o emit – that is, allowances – among covered firms. Then, the

rms trade with one another based on their allowance holding

nd abatement cost. The primary intention of the ETS is to form

rice signals through allowance trading, to guide firms’ emission
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batement behaviors, especially to promote their adoption of low-

arbon technologies, and ultimately to achieve an abatement target

t lowest cost within the entire society. 

Though sharing a similar practice form, the ETS is fundamen-

ally different from traditional financial markets, because apart

rom trading allowance with one another, firms can also adjust

heir output or adopt low-carbon technologies for carbon dioxide

CO 2 ) abatement, and these two decisions directly influence the

emand and supply in the allowance market. Then, at the macro

evel, firms’ coordination among the three options emerge into dy-

amic interactions among the allowance market, output markets,

nd low-carbon technology diffusion. 

This is the fundamental characteristic of the ETS, and has been

eflected in literature, but the modeling of the emerging process

rom micro to macro level, and heterogeneity among sectors and

rms, are still remaining difficulties. Specifically, complexity is fur-

her added due to the fact that the three abatement options cor-

espond to different planning horizons, short-term for allowance
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Fig. 1. Flowchart of the model. 
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1 FORECAST is developed by Fraunhofer Institute for System and Innovation Re- 

search. It is based on a bottom-up modeling approach, and aims to develop long- 

term scenarios for future energy demand of individual countries and world regions 

until 2050. The FORECAST model includes a broad range of mitigation options com- 

bined with a high level of technological detail. 
trading, short- to medium-term for output adjustment, and long-

term for low-carbon technology adoption, respectively. Aiming at

this, we establish the AMETS (Agent-based Model for Emission

Trading Scheme) model. 

• Firstly, in order to reflect the different planning horizons of

firms’ three abatement options, AMETS is established within

a novel multi-level time frame, ranging from “second” to

“year”, which helps capturing the emergence properties and

uncertainty of the system. The time frame of the AMETS is

as shown in Figs. 1 and 2 . 
• Secondly, firms’ heterogeneity with respect to multiple as-

pects are considered in AMETS: (1) scale and productivity,

which has been elaborated in empirical studies ( Cabral &

Mata, 2003; Eaton, Kortum, & Kramarz, 2011 ); (2) abate-

ment cost and potential of low-carbon technologies, which

fundamentally influences the cost efficiency and liquidity of

the ETS; (3) risk preference in long-term investment and

decision-making behaviors. Consideration of firms’ hetero-

geneity helps us answering two questions: (1) how does

the existence of firms’ heterogeneity influence the ETS? (2)

What are the heterogeneous impacts of the ETS on hetero-

geneous firms? 
• Thirdly, to detailedly model and calibrate firms’ marginal

abatement cost curve (MACC), production is modeled at a

process level in AMETS, following the FORECAST model 1 

( Fleiter et al., 2018 ). Low-carbon technologies are assigned to

each process, and discretely modeled from a bottom-up per-

spective, as parameters of cost and saving effect of multiple

energy carriers. This helps enhancing the calibration of the

model, trackability of technology diffusion, and identification

of key low-carbon technologies under different scenarios. 

This paper is structured as follows. In Section 2 , we review cur-

ent equilibrium- and agent-based models for the ETS, and sum-

arize their limitations and deficiencies. Next, AMETS is intro-

uced in detail in Section 3 . Section 4 deals with the calibration

nd setting for simulation. Then, the results are provided and dis-

ussed in Section 5 . Finally, we conclude in Section 6 . 
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Fig. 2. Time frame of the allowance trading process. 
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. Literature review 

.1. Equilibrium-based models for the ETS 

Corresponding to the fundamental characteristic of the ETS,

he first strand of literature establishes partial equilibrium models

rom the perspective of a representative firm or sector ( Anouliès,

017; Demailly & Quirion, 20 06; 20 08; Downing & White, 1986 ), to

nalyze firms’ incentive for low-carbon technology adoption, and

mpact of the ETS on firms’ competitiveness. Then, in order to an-

lyze macro impact of the ETS, or its interaction with the fiscal

ystem, another strand of literature establishes general equilibrium

odels for the ETS ( Fischer & Fox, 2007; Goulder, 2013; Goulder,

afstead, & Dworsky, 2010; Wu, Fan, Xia et al., 2016 ). Both of these

wo strands are equilibrium-based models, which usually presume

 series of simplifying assumptions, including the representative

gent, market equilibrium condition, perfect rationality, and com-

lete information. 

However, with these assumptions, the analysis of the ETS is

onstrained in three aspects. Firstly, given the different planning

orizons of firms’ abatement options, the assumption of market

quilibrium weakens the capture of emergence properties and un-

ertainty of the system, especially when firms’ bounded rational-

ty and incomplete information are taken into consideration. Sec-

ndly, the assumption of representative firm or sector limits the

odel to consider the heterogeneity among firms, and further lim-

ts the analysis of intra-industry impact of the ETS. Thirdly, in most

quilibrium-based models, the optional low-carbon technologies of

 firm are modeled as a continuous MACC ( Baker, Clarke, & Shittu,

008; Bauman, Lee, & Seeley, 2008 ), which is a function of the CO 2 

batement rate or quantity. However, this continuous depiction ig-

ores the impact of technologies on firms’ productivity (production

ost or energy intensity), and it also limits the full use of technol-

gy data for calibration, and the trackability of technology diffu-

ion. 

.2. Agent-based models for the ETS 

In order to supplement equilibrium-based models, scholars

ave also proposed agent-based models for the ETS. Agent-based

odels are regarded as important tools for the modeling and
nalysis of complex systems for its four distinct perspectives:

gents’ interaction, heterogeneity, bounded rationality (including

ncomplete information), and learning. For social economic com-

lex systems, ABMs characterize them as dynamic interactions

mong agents from a bottom-up perspective ( Tesfatsion, 2006 ),

nd they are applied in the fields of financial markets ( Mandes

 Winker, 2017 ), macro economy ( Dawid, Gemkow, Harting, &

ander, 2013 ), transportation system ( Bazzan & Klügl, 2014; Zhao

 Ma, 2016 ), supply network ( Nair & Vidal, 2011 ), electricity mar-

et ( Ringler, Keles, & Fichtner, 2016 ), technology innovation and

iffusion ( Kiesling, Günther, Stummer, & Wakolbinger, 2012; Ma &

akamori, 2005 ), marketing ( Negahban & Smith, 2017 ). From the

our distinct perspectives, ABMs provide supplementary insights

or the dynamics of these systems. 

The ABMs for the ETS mainly fall into two categories depend-

ng on the scale of the simulated market. The first are ABMs for an

nternational ETS, in which the agents represent countries or re-

ions ( Mizuta, Kato, & Tai, 2008; Mutlu & Fescioglu-Unver, 2011;

hu, Duan, Wu, & Wang, 2016 ). The second are ABMs for a re-

ional ETS, in which the agents represent firms. Within a bottom-

p agent-based framework, these models provide new insights for

he analysis of the ETS. However, regarding to this second group,

nto which the AMETS falls, three aspects of current models can

e improved: 

• First is the modeling of the fundamental characteristic of the

ETS. 

Concerning firms’ three abatement options, some models

ignore the output adjustment option ( Bakam & Matthews,

2009; Huang & Ma, 2016; Zhang, Zhang, & Bi, 2011; Zhang,

Cao, & Zhang, 2016 ) or the low-carbon technology adop-

tion option ( Tang, Wu, Yu, & Bao, 2017; Wang, Koritarov, &

Kim, 2009 ), or both of them ( Posada, Hernández, & López-

Paredes, 2005 ). In Tang, Wu, Yu, and Bao (2015) , the authors

modeled all firms’ three options, but the output adjustment

decision is not related to firms’ abatement consideration. 

Besides, in some studies, the different planning horizons of

firms’ abatement options are ignored ( Bakam & Matthews,

2009; Huang & Ma, 2016; Tang et al., 2015; 2017; Zhang

et al., 2016 ), which weakens the capture of emergence

properties and uncertainty of the system, as well as the
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Table 1 

Design of AMETS at a module level. 

Perspective Introduction 

(A) Agents interaction 

· Output market These markets are organized based on the clearing price mechanism ( Palmer, Arthur, Holland, LeBaron, & Tayler, 1994 ). 

· Allowance market This market is organized based on the continuous double auction mechanism ( Chiarella et al., 2002 ). 

(B) Heterogeneity 

· Attributes Firms are heterogeneous with respect to 7 attributes ( Chen, Chang, & Du, 2012 ), as shown in Table 2 . 

· Behaviors Firms make decisions following the same set of behavioral functions, but with heterogeneous behavioral parameters. Based on an 

endogenous mechanism, firms learn and discover new strategies on their own. 

(C) Bounded 

rationality 

Following the “Observe - Forecast - Decision” mode ( Arthur, Holland, Lebaron, Palmer, & Tayler, 1997; Beltratti, Margarita, & Terna, 

1996; LeBaron, 2001 ), firms first observe the environment and form their forecast of allowance price based on incomplete 

information, then follow a set of “fast and frugal heuristics” ( Gigerenzer, 2004 ) and make decisions for three abatement options. 

(D) Learning At the beginning, each firm is randomly initialized with a strategy pool, which contains N S strategies. During the learning stage, firms 

try the strategies one by one, and individually update their strategy pools based on the Multiple-population Genetic Algorithm 

( Chen & Yeh, 2001 ). 
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interactions among allowance market, output market, and

low-carbon technology diffusion. 
• Second is the modeling of firms’ trading behavior and the

price formation mechanism. 

In the ETS system, firms’ trading behaviors are influenced by

multiple factors, which endogenously vary along with their

decisions, including allowance holding, abatement cost, fore-

cast of allowance price, and current allowance price. How-

ever, they are not reflected in the studies reviewed above.

Some models characterize firms’ allowance trading decisions

in an exogenous way, which is based on an exogeneously set

and fixed roles of buyers and sellers ( Bakam & Matthews,

2009; Huang & Ma, 2016 ), or reservation price and marginal

abatement cost ( Posada et al., 2005 ). 

Concerning the price formation mechanism in the allowance

market, the choice of market maker mechanism ( Tang et al.,

2015; 2017 ), clearing price mechanism ( Bakam & Matthews,

20 09; Wang et al., 20 09; Zhang et al., 2016 ), or the floor

trading mechanism ( Huang & Ma, 2016 ) deviate from the

reality of the ETSs, in which trading is organized based on

the continuous double auction mechanism. This also weak-

ens the capture of emergence properties and uncertainty of

the system. 
• Third is the modeling of the low-carbon technologies. 

For the modeling of low-carbon technologies, some studies

ignore it ( Posada et al., 2005; Tang et al., 2017; Wang et al.,

2009 ), and some model them as a function of abatement ra-

tio ( Zhang et al., 2016 ), or a parameter of cost ( Huang & Ma,

2016; Tang et al., 2015; Zhang et al., 2011 ). In these models,

it is difficult to take fully advantage of the data for calibra-

tion, or trace the diffusion of technologies. 

To improve the deficiencies among previous equilibrium- and

agent-based models, AMETS is established within a multi-level

time frame. Firms’ coordination among the three abatement op-

tions with different planning horizons at the micro level is mod-

eled, from which there emerges the system dynamics at the macro

level. As a result, the emergence properties and uncertainly of the

system are captured, the heterogeneous and non-linear impact of

the ETS are reflected, and the diffusion of low-carbon technologies

is presented at a higher resolution. 

3. Model 

Following the four distinct perspectives of ABMs, the design of

AMETS is broken into modules and briefly introduced in Table 1 ,

and detailed introductions for each module are provided in this

section. 
.1. Model frame 

AMETS simulates an abatement phase of the ETS that lasts for

 periods in which each period is denoted by t . For understand-

ng and calibration simplicity, we assume that corresponding to the

eal world, the abatement phase is as long as one “year”, and each

eriod represents one “day”. The system covers multiple sectors

nd products. Firms selling different products compete with others

n different output markets, while all the firms trade allowances in

 common allowance market. With the abatement pressure, firms

aximize their total profit by coordinating three abatement op-

ions: output adjustment, low-carbon technology adoption, and al-

owance trading. For clarification, AMETS is introduced from the

erspective of a representative “firm i ” in this section, so the sub-

cripts for its sector and product are omitted. 

Compared with the existing ABMs for the ETS, we introduce a

ulti-level time frame in AMETS, to reflect the different planning

orizons of the three abatement options. As Fig. 1 shows, AMETS

uns as follows. 

1. AMETS starts by exogenously initializing four groups of pa-

rameters, including system parameters, technology parame-

ters, firms’ attribute parameters, and firms’ behavioral pa-

rameters. The calibration and setting of the first three as-

pects are introduced in Sections 4.1 –4.3 , and firms’ behav-

ioral parameters are initialized based on a learning stage,

which is introduced in Section 3.5 . 

2. At the beginning of period t , each firm competes with oth-

ers in the output market by choosing an output quantity.

The equilibrium prices in the output markets are calculated,

and firms’ output, revenue, production cost, and emission

are recorded, as introduced in Section 3.2.1 . 

3. In order to coordinate the three options, firms first form

their forecasts of the allowance price based on incomplete

information. This process is introduced in Section 3.4.1 . 

4. Based on the forecasts and several relevant factors, in each

period t , firm i makes its output adjustment decision, rep-

resented by an increase or decrease of its output coefficient

( δi , t ). This is introduced in Section 3.4.2 . 

5. Then, firms make their low-carbon technology adoption de-

cisions. In each period t , firm i considers whether to adopt

its current cheapest low-carbon technology. Influences of

several factors are synthesized by a probabilistic behavioral

function, including the average abatement cost and absolute

abatement potential of the technology, firm i ’s forecast of al-

lowance price, and its expected net allowance at hand. This

is introduced in Section 3.4.3 . 

6. In accordance with reality, we introduce the continuous

double auction mechanism to organize firms’ trading in the

allowance market. Each period in the abatement phase is
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introduced in Sections 3.4.2 –3.4.4 . 
further divided into N K ticks. On each tick, a firm is ran-

domly selected to make a trading decision. After the match-

ing process, firms’ allowance and cash accounts are up-

dated. This process is introduced in Section 3.2.2 , and firms’

decision-making process is introduced in Section 3.4.4 . 

7. By the end of the abatement phase, firms’ total emissions

are verified, and those who emit more than their holdings

must pay a fine for its excess emissions. 

.2. Agents interaction: output and allowance markets 

Concerning the interaction among firms, they compete with

thers in different output markets, which are organized based on

he clearing price mechanism, and they also compete in a com-

on allowance market, which is organized based on the continu-

us double auction mechanism. 

.2.1. Output market 

At the beginning of each period t , in the output market, each

rm i competes with others by choosing an output quantity ( q i , t ),

hich is modeled as the product of a benchmark output quantity

 q i , L , average daily output of firm i in the last year) and an output

oefficient ( δi , t ), as calculated by using Eq. (3.1) . Then, the price

f the product ( PO t ) is calculated by using Eq. (3.2) based on a

onstant elasticity daily demand. Q t is firms’ total production. M

s a parameter of the demand function, and ε is the elasticity of

arket demand. 

 i,t = q i,L · δi,t = 

Q i,L 

T 
· δi,t (3.1) 

 t = M · P O t 
−ε (3.2) 

The unit output cost of each firm i ( C O 
i,t 

) is modeled as three

arts. The first is non-energy cost ( CNE O 
i 

), which is constant in the

hole abatement phase. The second is operation and maintenance

ost ( COM 

O 
i,t 

), which comes from the adopted low-carbon technolo-

ies and varies with firm’s technology adoption decisions. Follow-

ng the FORECAST model ( Fleiter et al., 2018 ), firm’s production is

odeled at a process level, and the third part, energy cost ( CE O 
i,t 

),

s the sum of energy consumption of all production processes. For

ach process p , consumption of four energy carriers are consid-

red, including coal ( EC i , p , t ), gas ( EG i , p , t ), oil ( EO i , p , t ), and electricity

 EE i , p , t ). Firms’ low-carbon technologies are assigned to each pro-

ess, as shown in Table C.3 in Appendix C. When a technology is

dopted, firm’s energy consumption in the corresponding process

s changed accordingly. As a result, firm i ’s unit cost of output in

eriod t is calculated by using Eqs. (3.3) and (3.4) . PC , PG , PO , and

E are prices of the four energy carriers. By the end of period t ,

rms’ revenue, production cost, and total emissions are calculated

nd recorded. 

 

O 
i,t = CNE O i + COM 

O 
i,t + CE O i,t (3.3) 

E O i,t = 

∑ 

p 
(P C · EC i,p,t + P G · EG i,p,t + P O · EO i,p,t + P E · EE i,p,t ) 

(3.4) 

.2.2. Allowance market 

At the beginning of the abatement phase, the total allowance

f emission ( TA ) is set as a share of the total emission in the last

hase ( TE L ) based on an abatement target ( τ , 0 ≤ τ ≤ 1), as calcu-

ated by using Eq. (3.5 ). Taking the Grandfathering Allocation rule

s example in this paper, the allocation for each firm i ( A i ) is based

n its share of total emissions in the last phase ( E i , L ), as calculated

y using Eq. (3.6) . 

 A = T E L · (1 − τ ) (3.5) 
 i = T A · E i,L 
T E L 

(3.6) 

In the allowance trading process, each period is further divided

nto N K ticks, corresponding to “seconds” in the real world. On

ach tick, several steps are modeled to follow in succession, as

hown in Fig. 2 , which is a zoom-in graph for the “Allowance trad-

ng” module in Fig. 1 . 

As Fig. 2 shows, when it goes into the “Allowance trading” pro-

ess (from “Technology adoption” process), on each tick k , a firm

s randomly selected to enter the market. It will decide whether

o trade or not. If the firm decides to trade, it will submit an or-

er to the market, which is a combination of price and volume

 [ LP A 
i,t,k 

, LV A 
i,t,k 

] ), meaning to sell (or buy) LV A 
i,t,k 

allowances at a price

o lower (or higher) than LP A 
i,t,k 

. 

With the tick going on, all the orders are processed based on

he continuous double auction mechanism ( Chiarella, Iori et al.,

002 ). Under this mechanism, the orders which have not been ex-

cuted are stored in an order book. On one side, bid orders are

rranged in a list from lower to higher, and highest price of the

rder to buy is called best bid; On the other side, ask orders are

rranged in a list also from lower to higher, and lowest price of the

rder to sell is called best ask. Then, when a new bid order enters

he order book, if its price is higher than the best ask, trade will

e executed, and if its price is lower than the best ask, it will be

tored in the order book. The process is similar when a new ask

rder enters the order book. 

For each tick, the trading price ( P A 
t,k 

) and volume ( V A 
t,k 

) are

ecorded, and relevant firms’ allowance ( AA i , t , k ) and cash ( CA i , t , k )

ccounts are updated. If the selected firm decides not to trade, it

ill leave the market directly, and the model will run to the next

ick k + 1 . When the allowance trading process in period t ends

 k = N K ), the model will run to the next period t + 1 . At last, by

he end of the whole abatement phase ( t = T ), firms’ total emis-

ion will be verified. For any firm with excess emissions, it will

ay a fine for each ton of over-exceeded emissions. 

.3. Heterogeneity: attributes and behaviors 

As introduced in Table 1 , the heterogeneity among firms in

METS includes two aspects: firms’ attributes and behaviors. Con-

erning the first aspect, the heterogeneity among firms can be

epicted by different values of 7 attribute parameters, which are

isted in Table 2 . Concerning the second aspect, the parameters in

rms’ behavioral rules are heterogeneous, which is introduced in

etail in Sections 3.4 and 3.5 . 

.4. Bounded rationality: decisions coordination 

As introduced above, with the abatement pressure, firms max-

mize their profit by coordinating three decisions, including out-

ut adjustment, low-carbon technology adoption, and allowance

rading. In AMETS, firms are boundedly rational and follow a set

f “fast and frugal heuristics” ( Gigerenzer, 2004 ) in the decision-

aking processes as follows. 

• Firstly, firm i forecasts the allowance price based on incom-

plete information. It serves as a “benchmark” for firm i ’s co-

ordination among three abatement options. This process is

introduced in Section 3.4.1 . 
• Secondly, firm i first calculates the “abatement costs” of

three abatement options. Then, by comparing them with

the benchmark and taking consideration of other influencing

factors, firm i makes the three decisions. These processes are
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Table 2 

Attribute parameters of firms. 

Variable Explanation 

Q i , L Total output of firm i in the last year. 

NTA i Number of initial technology adoption of firm i at the beginning of the abatement phase. 

CNE O 
i 

Non-energy cost for unit production of firm i . 

ER i Expected rate of return of firm i , representing its attitude towards risk. 

TW i Weight for the technical information of firm i , when it forms forecast. 

ML i Memory length firm i . 

EYE i Number of other firms that can be observed by firm i for forecasting the allowance price. 
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3.4.1. Allowance price forecast based on incomplete information 

In each period t , firm i alters its forecast of the allowance price

based on incomplete information, which is is depicted by two as-

pects in AMETS. 

• The first aspect is firm i ’s accessibility of information, which

is depicted by the number of other firms it can observe

when forming its forecast of the allowance price, denoted by

EYE i . By observing these firms, firm i collects the information

about their output, available low-carbon technology options,

holdings of allowance, etc. This information is referred to as

“fundamental information”, based on which firm i forms its

“fundamental forecast” of the allowance price ( F F P A 
i,t 

). 
• The second aspect is that, firm i takes the public allowance

price information into consideration, referred to as “techni-

cal information”. Firm i calculates the moving average of the

allowance price within its memory length ( ML i ), and regard

it as its “technical forecast” of the allowance price ( T F P A 
i,t 

). 

The formation of these two forecasts are introduced in detail in

Appendix A. At last, based on F F P A 
i,t 

and T F P A 
i,t 

, firm i will take a

weighted average of these two, compare it with the fine for unit

excess emission ( Fine ), and form its forecast of the allowance price

( F P A 
i,t 

), as calculated by using Eq. (3.7) . TW i is firm i ’s weight for

technical forecast. 

F P A i,t = min { (1 − T W i ) · F F P A i,t + T W i · T F P A i,t , F ine } (3.7)

3.4.2. Output adjustment 

As introduced in Section 3.2.1 , firm i ’s output quantity ( q i , t ) is

modeled as the product of a benchmark output quantity ( q i , L ) and

an output coefficient ( δi , t ). q i , L is the average daily output of firm i

in the last year, and we assume δi, 1 = 1 , which is also firm i ’s pro-

duction capacity, i.e. the uplimit for its daily output. Then, in each

period t , firm i considers whether to adjust its output in the next

period t + 1 , i.e. to increase or decrease its current output coeffi-

cient ( δi , t ) by an exogenously set quantity ( ζ ), which is equal for

all the firms. 

Three factors are related to this decision: (1) profit from unit

emission in the output market ( P UE O 
i,t 

), (2) expected net allowance

( ENA i , t ), and (3) forecast of the allowance price ( F P A 
i,t 

). We assume

that the higher P UE O 
i,t 

and ENA i , t and the lower F P A 
i,t 

, the stronger

propensity for firm i to increase its output, and vice versa. 

In order to synthesize the three factors above, each firm i is

modeled to first calculate a threshold price of allowance for output

adjustment decision ( T P O 
i,t 

), which increases with the decrease of

ENA i , t and the increase of F P A 
i,t 

, as shown in Eq. (3.8) . 

T P O i,t = F P A i,t ·
{

1 + αi, 1 

[(
1 

1 + αi, 2 
ENA i,t 

)αi, 3 

− 0 . 5 

]}
(3.8)

Then, firm i will compare P UE O 
i,t 

with T P O 
i,t 

. If P UE O 
i,t 

is higher

than T P O 
i,t 

, firm i will increase its output coefficient – δi,t+1 = δi,t +
ζ – with a probability of �1 

i,t 
, as calculated by using Eq. (3.9) . Oth-

erwise, firm i will decrease its output coefficient – δi,t+1 = δi,t − ζ
with a probability of �2 
i,t 

, as calculated by using Eq. (3.10 ). 

1 
i,t = 

(
P UE O 

i,t 

T P O 
i,t 

− 1 

)αi, 4 

(3.9)

2 
i,t = 

(
T P O 

i,t 

P UE O 
i,t 

− 1 

)αi, 5 

(3.10)

In Eqs. (3.8) –(3.10) , αi , l (l = 1 , 2 , . . . , 5) are firm i ’s 5 behavioral

arameters. For each firm i , there are 16 behavioral parameters re-

ating to its coordination among three abatement options. The oth-

rs are β i , m 

(m = 1 , 2 , . . . , 6) for technology adoption decision, and

i , n (n = 1 , 2 , . . . , 5) for allowance trading decision. To guarantee

he monotone relations between each decision and its influenc-

ng factors, values of the 16 parameters are initialized based on

 learning stage, which is introduced in Section 3.5 . 

.4.3. Low-carbon technology adoption 

As introduced above, firms’ production is modeled at a process

evel in AMETS, and each process is assigned with optional low-

arbon technologies. For each low-carbon technology j of process

 , it is modeled as 6 parameters: (1) energy saving parameters, in-

luding coal saving ( CS p , j ), gas saving ( GS p , j ), oil saving ( OS p , j ), and

lectricity saving ( ES p , j ); (2) cost parameters, including investment

ost ( IC p , j ), operation and maintenance cost ( OMC p , j ). 

In each period t , we assume that firm i considers whether to

dopt its current cheapest low-carbon technology j , and we as-

ume it is related to the following four factors: (1) average abate-

ent cost ( AC i , j ), (2) absolute abatement potential ( AAP i , j , t ), (3) ex-

ected net allowance ( ENA i , t ), and (4) forecast of the allowance

rice ( F P A 
i,t 

). AC i , j and AAP i , j , t are calculated from a bottom-up per-

pective, by using Eqs. (3.11) –(3.14) . ECS p , j and EA p , j denote the en-

rgy cost saving and emission abatement of technology j for pro-

ess p for unit production. EFC , EFG , EFO , and EFE denote emis-

ion factors of the four energy carriers. LT p , j denotes the lifetime

f technology j , and ER i denotes firm i ’s expected rate of return. By

iscounting the cash flow in the following LT p , j years, firm i makes

he adoption decision for technology j from a long-term perspec-

ive, which is different from its output adjustment and allowance

rading decisions. 

CS p, j = P C · CS p, j + P G · GS p, j + P O · OS p, j + P E · ES p, j (3.11)

A p, j = EF C · CS p, j + EF G · GS p, j + EF O · OS p, j + EF E · ES p, j (3.12)

C i,p, j = 

IC j + 

∑ LT p, j 

y =1 

OMC p, j −ECS p, j 

( 1+ ER i ) 
y ∑ LT p, j 

y =1 
EA p, j 

(3.13)

AP i, j,t = E OL i,t · E A p, j (3.14)

ENA i , t is calculated by subtracting expected total CO 2 emis-

ion from its allowance account ( AA i , t ), by using Eqs. (3.15 –3.16 ).
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3 MPGA is different from the common Genetic Algorithm, i.e. Single-population 

Genetic Algorithm (SPGA). In MPGA, each agent is represented by a population 

of strategies (or chromosomes) in its mind (referred to as “strategy pool” in our 

model), and learning is implemented by running the Genetic Algorithm inside each 

agent. However, in SPGA, each agent is represented by only one strategy (or chro- 

mosome), and learning is implemented by running the Genetic Algorithm inside the 
AC i , t denotes firm i ’s accumulated emission. EIU i , t and EIP i denote

rm i ’s emission intensity of unit output for energy- and process-

elated 

2 reasons, and EOL i , t denotes firm i ’s expected output in the

emaining periods. 

IU i,t = 

∑ 

p 
(E F C · E C i,p,t + E F G · EG i,p,t 

+ EF O · EO i,p,t + EF E · EE i,p,t ) (3.15) 

 NA i,t = AA i,t − E AC i,t − E OL i,t · (E IU i,t + E IP i ) (3.16)

At last, based on these four influencing factors, we assume

hat the higher AAP i , j , t and F P A 
i,t 

and the lower AC i , j and ENA i , t ,

he stronger propensity for firm i to adopt technology j , and vice

ersa. Then, a probability ( 
 i , t ) is introduced to characterize firm

 ’s propensity, which is calculate by using Eq. (3.17) . Once a low-

arbon technology is adopted, it is irreversible, and according this

ecision in each period t , firm i ’s variables of relevant aspects are

pdated, including energy intensity, operation and maintenance

ost of unit output, and adoption cost. 

i,t = 

(
1 

1 + βi, 1 
AC i, j / F P 

A 
i,t 

)βi, 2 
(

1 

1 + βi, 3 
ENA i,t 

)βi, 4 
(

1 

1 + βi, 5 
−AAP i, j,t 

)βi, 6 

(3.17) 

Following the idea of discrete choice model ( Train, 2009 ), we

ntroduce the probability 
 i , t to characterize firm i ’s propensity

or action. In order to synthesize multiple influencing factors,

q. (3.17) is designed based on the sigmoid function, for its con-

inuity, smoothness, monotonicity, and value range of (0,1). With

his equation, the monotone impact of the four factors on the

doption probability are synthesized and maintained, and addi-

ionally, further reasonability is provided by the behavioral param-

ters, β i , m 

(m = 1 , 2 , . . . , 6) , initialized based on a learning stage. 

.4.4. Allowance trading 

As introduced in Section 3.2.2 , under the CDA mechanism, on

ach tick k in one period t , one firm is randomly selected to make

rading decisions, i.e. to submit an ask order to sell allowances, or

o submit a bid order to buy allowances, or to leave the allowance

arket without submitting any order. Three factors are related to

his decision: (1) allowance price at the current tick k ( P A 
t,k 

), (2)

xpected net allowance ( ENA i , t ), and (3) forecast of the allowance

rice ( F P A 
i,t 

). We assume that the higher P A 
t,k 

and ENA i , t , and the

ower F P A 
i,t 

, the stronger propensity for firm i to sell its allowance,

nd vice versa. 

Similar with the behavioral rules for output adjustment deci-

ion, in order to synthesize the three factors above, we assume

hat firm i will first calculate a threshold price of allowance for al-

owance trading decision ( T P A 
i,t 

), which increases with the decrease

f ENA i , t and the increase of F P A 
i,t 

, as shown in Eq. (3.18 ). 

 P A i,t = F P A i,t ·
{

1 + γi, 1 

[(
1 

1 + γi, 2 
ENA i,t 

)γi, 3 

− 0 . 5 

]}
(3.18) 

Then, firm i will compare P A 
t,k 

with T P A 
i,t 

. If P A 
t,k 

is higher than

 P O 
i,t 

, firm i will submit an ask order to sell allowances with a prob-

bility of �1 
i,t 

, as calculated by using Eq. (3.19) . Otherwise, firm i

ill submit a bid order to buy allowances with a probability of
2 
i,t 

, as calculated by using Eq. (3.20 ). 

1 
i,t,k = 

(
P A 

t,k 

T P A 
i,t 

− 1 

)γi, 4 

(3.19) 
2 For the cement production, there are also CO 2 emissions from the clinker calci- 

ation process (CaCO 3 
heat −−→ CaO + CO 2 ) apart from the energy combustion. 

w

S

t

“

2 
i,t,k = 

(
T P A 

i,t 

P A 
t,k 

− 1 

)γi, 5 

(3.20) 

An ask (or bid) order is a combination of limit price ( LP A 
i,t,k 

) and

olume ( LV A 
i,t,k 

), which means selling (or buying) LV A 
i,t,k 

allowances

t a price no lower (or higher) than LP A 
i,t,k 

. For an ask order, we

ssume that LP A 
i,t,k 

= P A 
t,k 

− η and LV A 
i,t,k 

= ENA i,t · ς · �1 
i,t,k 

. For a bid

rder, we assume that LP A 
i,t,k 

= P A 
t,k 

+ η and LV A 
i,t,k 

= ENA i,t · ς · �2 
i,t,k 

.

he parameters η and ς are exogenously and homogeneously set

or all the firms. 

By introducing this “threshold price” combined with two prob-

bilistic behavioral functions, an endogenous mechanism for the

ecision of firms’ trading direction is implemented. This is dif-

erent from common financial ABMs using the CDA mechanism,

hich usually focus more on the mechanism aspect rather than

he micro-behaviors of agents. For simplification, they also use

ero-intelligence agents, whose trading direction is exogenously

xed, for example, at a fifty-fifty probability ( Raberto & Cincotti,

005 ). This common depiction properly reflects the random fluc-

uation of a financial asset’s price when there is no fundamental

hange, and from a modeling perspective, the probability of 50%

lso guarantees that the price will not boom up or fall to zero in

he simulation under the CDA mechanism. However, in the ETS, the

hange of demand and supply in the allowance market is directly

nd fundamentally decided by firms’ decisions of output adjust-

ent and technology adoption. So, corresponding to this property

f the ETS, the endogenous mechanism based on “threshold price”

nd probabilistic behavioral functions is introduced in AMETS. 

.5. Learning: behavioral parameters initialization 

As introduced in Section 3.4 , firms make decisions based on the

ame set of behavioral functions, but with heterogeneous behav-

oral parameters. In order to initialize these parameters with rea-

onable values, a learning stage based on the Multiple-population

enetic Algorithm (MPGA) 3 is introduced. A flow chart for the im-

lementation of MPGA in AMETS is provided in Fig. 3 , and ex-

lained as follows. 

1. At the beginning of the learning stage, each firm i is ran-

domly initialized with a strategy pool (SP), which contains

N S strategies. The s th strategy in firm i ’s SP in the r th gener-

ation is denoted by S i , r , s . For each strategy s , it is a 80-digit

binary series, and can be translated as values for firm i ’s 16

behavioral parameters. A detailed introduction for the trans-

lation rule is provided in Appendix B.1. 

2. In the r th generation, the abatement phase is run N S times,

during which each firm i tries its N S strategies in the pool

one by one, and record the final total profit ( FTP i ) led by

each strategy s , which is calculated by using Eq. (3.21) . T R O 
i,t 

,

T C O 
i,t 

and ACT i , t denote firm i ’s revenue, production cost and

low-carbon technology adoption cost in period t , CA i , t , k de-

notes firm i ’s cash account in period t on tick k , and FEE 
hole society. So, from the perspective of the population-level of learning, with the 

PGA, agents learn from others, i.e. social learning based on “imitation”; while with 

he MPGA, agents learn from their own experience, i.e. individual learning based on 

meditation” ( Chen & Yeh, 2001 ). 
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Fig. 3. Flowchart of the learning stage. 

 

 

 

 

 

 

 

 

 

 

 

 

i  

r  

s  

t  

v  

w

 

o  

g  

r  

s  

d  

A

4

 

A  

s  
denotes firm i ’s fine for excess emission. 

F T P i = 

T ∑ 

t=1 

(
T R 

O 
i,t − T C O i,t 

)
−

T ∑ 

t=1 

ACT i,t 

+ 

(
C A i,T,N K − C A i, 1 , 1 

)
− F EE i (3.21)

3. After trying all its N S strategies and recording corresponding

profit values, firm i updates its SP of r th generation based

on GA, and gets a new SP for the (r + 1) th generation. A de-

tailed introduction for the implementation of GA is provided

in Appendix B.2. 

4. At last, after N R generations, each firm i gets its final SP, and

it will choose the strategy with highest FTP i to initialize its

strategy (behavioral parameters) for the simulation stage. 

Four aggregate results are selected to show the converging pro-

cess of the learning stage, including average allowance price, to-

tal allowance trading volume, total abatement rate, and firms’ total

profit. With the learning stage proceeding, the convergence indi-

cates that firms are getting smarter and smarter, and the learn-
ng stage is approaching its termination. As shown in Fig. 4 , with

andomly generated seed strategies for all the firms, the learning

tage is run for five times. In each of the five, after 50 generations,

he evolution of the four aggregate results show significant con-

ergence. Furthermore, five evolution paths follow similar pattern,

hich indicates the robustness of this learning algorithm. 

The introduction of this learning stage essentially combines the

ptimization and simulation methods, and, to a certain extent, it

uarantees the “reasonability (not optimality)” of the simulation

esults. This is further reflected in a comparison between the re-

ults of two cases, in which firms’ behavioral parameters are ran-

omly initialized or based on the learning stage, as provided in

ppendix B.3. 

. Model calibration and simulation setting 

For higher resolution and reference value of the model results,

METS is calibrated from a fundamental perspective in detail. As

hown in Table 3 , 11 most emission-intensive products from 5
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Fig. 4. Evolution paths of aggregate results during learning stage. 

Table 3 

Coverage of AMETS. 

Sector (5) Product (11) Process (25) Number of low-carbon technologies (52) 

Iron and steel Steel Sinter 1 

Coke oven 1 

Blast furnace and 

converter (BFC) 

4 

Electric arc furnace 

(EAF) 

3 

Rolling 1 

Non-metallic minerals Cement Limestone preparation 0 

Clinker calcination 5 

Grinding 0 

Glass Glass production 

(container) 

6 

Glass production (flat) 1 

Non-ferrous metals Aluminum Aluminum (primary) 0 

Aluminum (secondary) 1 

Further treatment 4 

Copper Copper primary 0 

Copper secondary 5 

Further treatment 4 

Paper Paper Chemical pulp 0 

Mechanical pulp 0 

Recovered fibers pulp 0 

Paper making 3 

Chemistry Ethylene Ethylene 3 

Ammonia Ammonia 3 

Carbon black Carbon black 3 

Soda ash Soda ash 2 

Chlorine 

(membrane) 

Chlorine (membrane) 2 
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Fig. 5. Marginal abatement cost curve. 

Table 4 

Initialization of the system parameters. 

Parameter Value Explanation 

T 365 Number of periods in an abatement phase. 

N K 3400 Number of ticks in one period. 

N F 340 Number of firms in the system (20 for each product). 

EFC 0.11 CO 2 emission factor of coal (ton CO 2 /GJ). 

EFG 0.06 CO 2 emission factor of gas (ton CO 2 /GJ). 

EFO 0.08 CO 2 emission factor of oil (ton CO 2 /GJ). 

EFE 0 CO 2 emission factor of electricity (ton CO 2 /GJ). 

PC 3.4 Coal price (Euro/GJ). 

PG 9.88 Gas price (Euro/GJ). 

PO 14.72 Oil price (Euro/GJ). 

PE 16.36 Electricity price (Euro/GJ). 

Fine 100 Fine for each ton of excess emission (Euro/ton). 
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sectors are selected and covered, accounting for about 70% of the

CO 2 emission from the whole industry in the EU, and following the

FORECAST model ( Fleiter et al., 2018 ), 25 production processes and

52 low-carbon technologies are also included. 

4.1. System parameters 

The system parameters include two parts. As shown in Table 4 ,

the first part includes length of simulation, number of firms, price

and emission factor of energy carriers, and fine price. The values

for energy-related parameters are from the FORECAST model, and

the fine price is from the EU ETS. 

The second part of system parameters are related to the output

markets. We assume constant elasticity demand functions for the

products, which are calibrated based on data of production quan-

tity, price, and demand elasticity. We also collect the non-energy

cost data for each product. These data are from the FORECAST

model ( Fleiter et al., 2018 ) and relevant studies ( Allevi, Oggioni,

Riccardi, & Rocco, 2017; Demailly & Quirion, 2008; Kannegiesser,

Günther, van Beek, Grunow, & Habla, 2009; Mansikkasalo, Lund-

mark, & Söderholm, 2014; Stuermer, 2017 ), as shown in Table C.2

in Appendix C. 

4.2. Process and low-carbon technology parameters 

In AMETS, firms’ production are modeled at a process level, and

each process is assigned with optional low-carbon technologies. 

Based on the data from FORECAST ( Fleiter et al., 2018 ), relevant

study ( Arens, 2017 ) and energy statistics ( Eurostata, 2018 ), all the
rocesses and technologies are calibrated as provided in Table C.3

n Appendix C, and the MACC of the whole system is provided in

ig. 5 . 

.3. Firms’ attribute parameters 

The initialization of firms’ attribute parameters includes two

arts. Firstly, following previous studies ( Anouliès, 2017; Axtell,

001; Cabral & Mata, 2003 ), firms’ scale and productivity are as-

umed to follow a Pareto distribution. Secondly, firms’ other at-

ribute parameters are homogeneously initialized, as shown in

able 5 . A full list of firms’ parameters and variables is provided

n Table D.4 in Appendix D. 

. Results and discussions 

In this section, we first select two scenarios, with abatement

argets of 2% and 18%, to compare and discuss the impact of the

TS on output markets and diffusion of low-carbon technologies.

hen, based on the ability to capture uncertainty and non-linear

elationships of AMETS, the trade-off between allowance price un-

ertainty and output impact for setting abatement target is re-

ealed and briefly discussed. 

.1. Impact of the ETS 

For the abatement target of 2% and 18%, Fig. 6 shows the price

nd trading volume in the allowance market under the two sce-

arios. As the candlestick charts show, when the abatement target

s low, the allowance price drops to zero with the trade proceed-

ng, corresponding to the negative marginal abatement cost for 2%

batement target, as shown in Fig. 5 . When the abatement target

s as high as 18%, the allowance price stays around 20 Euro/ton in

he first 100 periods, then followed by a quick increase, which fi-

ally leads to 100 Euro/ton, the fine price for each ton of excess

missions. 

This quick increase comes from firms’ deficit in allowances, as

ell as the dynamic interactions among the allowance market,

utput market, and low-carbon technology diffusion. As shown in

ig. 7 , unlike a static MACC in most equilibrium-based models,

rms face steeper and steeper MACCs with the proceeding of the

batement phase, because the abatement potential of low-carbon

echnologies decreases with the decrease of potential output in the



S.-m. Yu, Y. Fan and L. Zhu et al. / European Journal of Operational Research 286 (2020) 1113–1128 1123 

Table 5 

Initialization of the firms’ homogeneous attribute parameters. 

Parameter Value Explanation 

ER i 30% Expected rate of return of firm i . 

EYE i 5 Number of other firms that can be observed by firm i for forecasting the allowance price. 

TW i 0.3 Weight for the technical forecast of the allowance price of firm i . 

ML i 10 Memory length firm i (period). 

ζ 0.1% Firms’ output adjustment parameter. 

η 0.01 Firms’ price adjustment parameter for order decision (Euro). 

ς 0.1% Firms’ volume choice parameter for order decision. 

Fig. 6. Allowance market result. 

Fig. 7. Dynamic marginal abatement cost curve. 
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emaining periods. So, if firms do not adopt enough low-carbon

echnologies before a certain reversal point, the allowance price

ill increase quickly in the later periods. 

With the consideration of heterogeneity, the allowance flow

mong firms are also revealed in the result. As shown in Fig. 8 ,

he average values and standard deviation of net trading volume

or the products 4 are provided for both scenarios. Firms producing

teel (blast furnace) and paper are major buyers in the market, and

rms producing cement and glass are major sellers, while firms of
4 According to the different production methods, 5 products are further divided 

n AMETS: (1) Steel is modeled as BF- and EAF-based production; (2) glass is mod- 

led as container and flat production; (3) aluminum is modeled as primary and 

econdary production; (4) copper is modeled as primary and secondary production; 

5) paper is modeled as chemical-, mechanical-, and recovered-fibers-based produc- 

ion. As a result, there are in total 17 products in the model, as shown in Figs. 8, 9 , 

2 , and 15 . 
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n  

i  

a  

m

everal products change their position under different abatement

argets, including copper, ammonia, etc. 

In the output markets, firms are also motivated to reduce their

utput for abatement. As shown in Fig. 9 , given the low target of

%, the ETS does not show impact on the output markets, while

hen the target is 18%, the impact is significant for the produc-

ion of cement, soda ash, aluminum (primary), and chlorine (mem-

rane). The cement is the most influenced, because apart from CO 2 

mission from energy combustion, it also has process emission,

hich means higher abatement contribution of each ton of output

eduction. 

Concerning the diffusion of low-carbon technologies, as shown

n Fig. 10 , the total count of diffusion are 685 under the 2% sce-

ario and 885 under the 18% scenario. Most of them are adopted

n the earlier periods, because with adoption proceeding, the

batement potential of low-carbon technologies decreases, and the

arginal cost increases. 
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Fig. 8. Allowance trading volume flow by product. 

Fig. 9. Impact on output markets. 

Fig. 10. Technology diffusion count. 

 

 

 

 

 

a  

m

 

p  
Furthermore, the diffusion of each low-carbon technology un-

der the two scenarios are also provided, as shown in Fig. 11 , and

the key technologies contributing most to the abatement are also

identified, including clinker_dry_1, clinker_dry_3, rolling_1, BFC_3,

and glass_flat_1. 
At last, the total abatement under the two scenarios, as well

s their composition, are provided by Fig. 12 . Firms producing ce-

ent, steel (blast furnace) and glass contribute most abatement. 

As shown in the results above, AMETS captures the allowance

rice evolution processes under different scenarios, falling when
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Fig. 11. Technology penetration rate. 

Fig. 12. Abatement decomposition by product. 
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t  

p  
he target is low, and rising when the target is high. Both of them

ave been observed in the real ETS system. On the other hand, by

omparing the two scenarios, it is also shown that the function of

he ETS system is fundamentally decided by the shape of MACC,

hich determines firms’ forecasts and behaviors, and at the macro

evel, links the allowance market and output markets. The evolu-

ion of the allowance price can be different, but the patterns of

echnology diffusion are similar, as well as the abatement contri-

ution of the major players in the market. 

.2. Abatement target setting: trade-off between allowance price 

ncertainty and output impact 

For further analysis of the impact of abatement target, the

batement phase is simulated 20 times under each of the 17
cenarios with targets ranging from 2% to 18%, and the results are

s shown in Fig. 13 . 

As shown in Fig. 13 (a), the abatement target has non-linear im-

act on the average allowance price, which first stays low when

he abatement target is no higher than 10%, and then increases

harply. For the total trading volume, it decreases with the abate-

ent target going up. On the other hand, as shown in Fig. 13 (b),

he abatement target also impacts the uncertainty of the average

llowance price, which first increases, then decreases with the tar-

et going up, and the highest level appears under the scenario of

1%. Comparison based on the simulations under three scenarios is

rovided in Fig. 14 . 

The highest average allowance price uncertainty appears when

he target is 11%, because as shown in Fig. 5 , it is just behind the

oint where the MACC crosses the 0 Euro/ton line. Facing the pos-
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Fig. 13. Impact of abatement target on the allowance market. 

Fig. 14. Uncertaity of allowance price. 

Fig. 15. Impact of abatement target on the output markets. 
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itive but low cost, firms are more hesitant to adopt low-carbon

technologies, compared with a lower or higher target. This leads

to the uncertainty: if firms hesitate less and adopt more technolo-

gies before some reversal point, they will face a less steeper MACC

in the later periods; while if they do not, the allowance price can

be much higher. 

Non-linear impact of the abatement target also exists in the

output markets, as shown in Fig. 15 . When the abatement target
s low, the output markets are not influenced, however, when the

arget is higher than 13%, firms start to reduce their output, and

he production of cement, soda ash, aluminum (primary) and chlo-

ine (membrane) are affected. This non-linear impact is also fun-

amentally decided by the shape of MACC: a higher target leads

o higher cost for low-carbon technology adoption, when is high

nough, it starts motivating firms to reduce their production for

batement. However, as long as the fine price is not too high, com-
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Fig. 16. Impact of abatement target on the total abatement and composition. 
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ared with firms profit of unit CO 2 emission in the output mar-

ets, abatement contribution from production reduction is limited,

s shown in Fig. 16 . 

In summary, based on the ability to capture the emergence

roperties and uncertainty of the system, AMETS reveals the

on-linear impact of the abatement target, and the trade-off

or setting it: after a certain point, higher target leads to lower

llowance price uncertainty but stronger output impact. Further-

ore, there are three points worth pointing out: firstly, the output

mpact is heterogeneous for different products, and production

f cement is influenced the most; secondly, given the cost of

ow-carbon technologies, unit CO 2 emission profit of products,

nd the fine price, most abatement is contributed by low-carbon

echnology diffusion, and the contribution from production re-

uction is quite limited; thirdly, when the target is low, the

atural diffusion of technologies with negative cost will contribute

batement higher than the target, so the ETS is unnecessary, while

hen the target is high, firms will not reach the target because

he abatement cost is too high, so to a certain extent, the ETS

erves as an emission tax. 

. Conclusions 

In this paper, model AMETS is established within an agent-

ased framework for the ETS, in which modules are organized

ithin a novel multi-level time frame. Firms’ coordination among

hree abatement options are modeled, as well as the emerging

nteractions among allowance market, output markets, and low-

arbon technology diffusion. Furthermore, three complexities are

lso considered, including different planning horizons of different

batement options, heterogeneity among sectors and firms, and

etails of production and technologies. Based on the advantages

bove, AMETS can be used as a policy simulation platform for the

echanism design and impact evaluation of the ETS. 

Compared with existing equilibrium- and agent-based models,

METS provides higher resolution results for the ETS, and based

n the calibration with European data, it provides supplemen-

ary insights in the following three aspects. Firstly, AMETS cap-

ures the emergence properties and uncertainty of the system, the

on-linear impact of the abatement target, and reveals the trade-

ff between allowance price uncertainty and output impact for a

igher target. Secondly, AMETS reflects the heterogeneous impact
f the ETS on firms producing different products, including their

llowance trading volume flow, output reduction, and CO 2 abate-

ent. At last, AMETS provides detailed results for technology dif-

usion at a process level, and for different abatement scenarios, key

ow-carbon technologies are identified. 

There are also major limitations of AMETS. Firstly, the con-

truction time of technology adoption is ignored, as well as the

arriers including imperfect information, hidden cost, and access

o capital ( Fleiter, Worrell, & Eichhammer, 2011; Schleich, 2009;

orrell, O’Malley, Schleich, & Scott, 2004 ). These two simplifica-

ions indicate an underestimation of the allowance price, and could

e improved by further calibration. Secondly, the coverage of the

odel can be extended to include more pollutants from indus-

ry, based on which we can analyze the trade-off between them

nd CO 2 emissions. At last, firms’ behavior of fuel switching and

pgrade of production line based on innovative technologies (e.g.,

ydrogen-based production line for steel making) are also worth

eing included, considering their importance for the reduction of

O 2 emission in the long term. In our future study, AMETS will

e further developed and applied to analyze more questions about

he ETS, including the allowance allocation mechanism, coverage

nd transaction cost, abatement target setting, etc. 
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