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Abstract: This paper studies the optimal production planning in a hybrid Make-To-Stock (MTS) and
Make-To-Order (MTO) production system for a single product under the cap-and-trade environment.
The manufacturer aims to minimize the total cost in production, inventory and emissions allowances
trading. The decisions include the selection of production mode (pure MTS, pure MTO or hybrid
MTS/MTO), the inventory and emissions trading quantity. We derive the optimal solution analytically.
We show that the cost of optimal MTO/MTS hybrid production strategy is remarkably less than that
of either pure MTO or pure MTS production strategy alone. Compared with the no initial carbon
quota and trading environment, there are significant differences in the optimal production decisions
under trading environment. When the emissions cost is a source of costs, the manufacturer has to
face more costs pressure even if there is no emissions allowance trading. In particular, the results
show that the initial emissions allowance determines the optimal production decision and emissions
allowance trading decision in cases where the difference between the inventory cost for per unit
product and the delayed delivery cost for per unit order is between the minimum and the maximum
emissions cost and has no effect on production mode and emissions allowances trading decision in
other cases. These conclusions will provide optimal production decision and carbon trading decision
for the manufacture under a cap-and-trade environment.

Keywords: hybrid MTS/MTO; emissions trading; inventory quantity; production planning

1. Introduction

Since the 1960s, many scholars have paid close attention to two typical modes of production,
i.e., Made-To-Stock (MTS) and Made-To-Order (MTO). If a finished goods inventory is held for a
product, we say that the product is produced in an MTS mode. Otherwise, we say that the product is
produced in an MTO mode ([1]). As [2] indicate, most research in this field has mainly assumed one of
the two strategies. For MTS, it is generally believed that this mode can keep inventory levels to avoid
stockout, maintain a higher level of service, and reduce the delivery lead time, but incurs a certain
amount of inventory cost (see, e.g., [3–5]). It is suitable for low value, high stability demands and
standardized products. On the other hand, the MTO mode initiates production only after receiving
the order and there is no inventory cost (see, e.g., [6,7]), but a longer delivery lead period is expected.
The MTO strategy is suitable for products of low service level requirement, high value, and high
demand variability (see, e.g., [8–11], etc.). Considering the significant differences for MTS and MTO
production in planning and control decisions, references [10,12] indicate that planning of a hybrid
production system is not straightforward.
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However, in practice, quite a number of manufacturers use hybrid MTS/MTO mode in production.
As [13] emphasized, a proper combination of MTO and MTS can exploit the advantages of both lower
inventory and short delivery time. In particular, when the manufacturer faces the standardization
requirement and customized lead time requirement simultaneously, mixed production mode becomes
more attractive ([4]). For a hybrid MTS/MTO production system, one research directions focus on
multi-product systems. In these hybrid MTS/MTO production systems, it is assumed that each product
is either pure MTS or pure MTO. For example, [10,14,15] use Markov Decision Processes (MDP) to
decide whether MTO or MTS should be chosen. [16,17] develops a nonlinear integer programming
for this problem. [18] propose scheduling methods for hybrid MTS/MTO semiconductor fabrication.
The other focus on the position of the decoupling point (DP) for MTO and MTS production modes for a
single product. [8] adopts the DP concept to the specific characteristics of the food processing industry
and develops a frame for a decision which products have to be made to stock and which products have
to be made to order. [19]pointed out that market, product and production are the factors that affect
the DP positioning and the shifting of the DP upstream or downstream in the manufacturing value
chain. [20] extends previous research into a supply network and answers how to position the multiple
DPs in a supply network quantitatively. In this paper, we consider a hybrid MTS/MTO production
mode for a single product (i.e., some seasonal products, etc.). The same as [1], we assume that the
product is not customized. In other words, the product keeps the same in any production mode. In this
production system, the manufacturer has to balance the holding cost and service level.

The current globalization is faced by the challenge to meet the continuously growing worldwide
demand for capital and consumer goods by simultaneously ensuring a sustainable evolvement of
human existence in its social, environmental and economic dimensions ([21]). In the last decade,
because the emphasis on adopting eco-friendly practices, implementing sustainability measures,
and protecting the environment has continued to grow, many SMEs are now adopting sustainable
manufacturing practices ([22]). In the existing studies, scholars often make MTS, MTO or hybrid
MTO/MTS production decisions based on production cost, inventory cost, and shortage cost in
order to minimize total cost or maximize total profit (see, e.g., [16,23,24]). However, they do not
take the effects of emissions allowances trading into consideration. In fact, production activities
of manufacturers is one of the main sources of emissions and it is very important to guarantee
a balance between socio-economic development and environmental conservation ([25]). How to
reduce emissions become a primary target of manufacturers as the emphasis on environment increases.
For instance, in order to achieve the goal to reduce emissions per GDP Unit by 40–45% in 2020 compared
to 2005, Chinese government has established more stringent regulations for manufacturers to reduce
emissions. It has successfully cut down the Energy Intensity per GDP Unit by 16%, and reduced the
Carbon Intensity (Carbon Dioxide Emissions per GDP Unit) by 17% in 2011–2015. Researches show
that the cap-and-trade is considered to be one of the most effective market-based carbon emission
reduction mechanisms ([26]), which has been widely adopted by the United Nations and the European
Union. On 19 December 2017, China fully launched the national carbon emission trading market,
making it the world’s largest carbon trading market with an initial coverage of over 1700 enterprises
and 3 billion tons of carbon emissions. Under the emissions trading mechanism, emissions trading
has become a potential profit source to enterprises. Clearly, it will change the cost structure and profit
model, and ultimately affect the manufacturers’ production behaviors. Therefore, it is worth discussing
the influence of emissions trading mechanism upon the production strategy.

In studies on emissions, the emissions trading price is introduced into the objective function.
Some scholars assume that the emissions trading price is exogenous and definite, and the prices of
buying and selling are the same (e.g., [27,28]). Some scholars take into account bid-ask price spreads
for emissions trading, i.e., different buying and selling prices, and study the impact of emissions
reduction mechanism in production. For example, [29] model different selling and buying prices
of the allowances and introduce emissions cost as an additional cost of green technology, and set
up a multi-period dynamic production planning model under stochastic demands and allowance
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prices. They determine the optimal production quantity and technical selection scheme based on the
impact of emissions trading mechanism on the technology selection and production planning of the
manufacturer. On the basis of the studies of [29,30] study the enterprises’ optimal production lot size
and optimal emissions under the two mechanisms of emissions trading and emissions tax on EOQ
model. They discover that the optimal emissions quantity and emissions trading decisions depend on
distinguish price of emissions trading under the emissions trading and allowances system. We adopt
emissions trading allowances as a decision variable in the hybrid MTO/MTS production mode of
single product on the condition that the initial emissions allowances which price of buying and selling
through external market are different.

For single product, it is significant to study the optimal hybrid MTO/MTS production decisions
with emissions allowances trading. On the one hand, the hybrid MTO/MTS production decisions
for single product can effectively improve the utilization rate of the machine and the level of service.
On the other hand, what kind of production mode is adopted to achieve the double goals of economic
and environment? The main question is must be answered what is the effects of emissions allowances
trading for production decisions because different production mode may deduces different emissions.
In order to solve the above problems effectively, we study a hybrid MTS-MTO production for single
item under the emissions trading environment in this paper. While most recent researches on hybrid
MTS/MTO production use stochastic models, assuming demand (see, [31], etc.), or production times
(see, [32], etc.), or lead time (see, [33], etc.) are stochastic, we use a deterministic setting which is similar
to the earlier papers on inventory optimization (see, [34], etc.) because it is difficult to get the boundary
conditions for optimal production and carbon trading decisions in a random situation. Importantly,
deterministic assumption allows us to find the analytical optimal solution. These analytical solutions
can help further research on stochastic factors. The results show that the optimal production decisions
are different between emissions allowances trading and no emissions allowances trading, and the
initial emissions allowances have remarkable influences on the decisions of production mode. In the
emissions allowances trading case, the cost of hybrid MTO/MTS optimal production strategy mode is
no greater than pure MTO mode and pure MTS mode. We also get the thresholds of optimal production
mode and emissions trading quantity which would give an accurate guidance for the manufacturer.

In the following, the paper will be organized as follows. In Section 2, we introduce the
mathematical formulation. In Section 3, we derive the optimal production and emissions trading
policies analytically. In Section 4, we compare the differences of optimal production decisions with
and without emissions allowances. A numerical study is conducted in Section 5 to demonstrate the
analytical results and investigate the impacts of parameters, such as demand, production capacity,
inventory capacity, and delivery lead time length. We also compare the hybrid MTO/MTS production
mode, the MTO production mode, and the MTS production mode. Finally, we conclude the paper
in Section 6.

2. Model

2.1. Model Description

At the beginning of the production planning period, the manufacturer obtains z0 units emissions
allowances and makes the hybrid production decision and emissions trading decision. We assume
that, regardless of the MTO or MTS mode of production, α units emissions are generated when we
produce one unit product. Meanwhile, if the MTS mode of production is adopted, the inventory
holding cost is h′ and inventory emissions is β′ for per unit product. During the production planning
stage, the manufacturer accepts the orders and pays the delayed delivery cost b for each unit if the
manufacturer does not complete the orders within delivery lead times. Considering the reality,
we assume that customers allow to pick up the goods several times. After the planning stage,
the manufacturer needs to keep a nonnegative balance in its allowances account or otherwise pay a
penalty π for each unit.
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In Figure 1, we illustrate the hybrid MTO/MTS production process. At the moment of t0,
the manufacturer makes a production decision and an emissions trading decisions for the entire
planning period. We assume that the product stock is 0 at the moment of t0 and t1 is the moment that
the manufacturer receives orders of D units. In the period of [t0, t1], the manufacturer uses the MTS
mode to produce y units products and the product stock changes from 0 to y. In the period of [t1, t2],
the manufacturer adopts MTO mode to produce [D− y]+ units products.

Figure 1. Hybrid Make-To-Order (MTO)/Make-To-Stock (MTS) production.

2.2. Model Formulation

2.2.1. Emissions Trading Cost

Throughout the planning period, if the decision is to purchase emissions allowances, i.e., z > z0,
then the cost is µ(z− z0). If the decision is to sell emissions allowances, i.e., z < z0, then the profit is
ν(z0− z). Thus the emissions transaction cost is µ(z− z0)

+− ν[−(z− z0)]
+, where (X)+ = max{X, 0},

see [29], etc.

2.2.2. Production Cost

The manufacturer produces y units by the MTS mode and (D − y)+ units by the MTO mode.
In this model, MTO production has the same scale effect as MTS production, so we assume that the
production cost of the two production methods are the same. The total production cost consists of cy
by the MTS mode and c[D− y]+ by the MTS mode, i.e., cy + c[D− y]+, see, [20], etc.

2.2.3. Inventory Cost

Throughout the planning period, the inventory cost for the MTO production is negligible, since the
finished product by MTO will temporarily stored and do not enter the storage center and fulfill the
orders immediately. The same as [20], the inventory holding cost is defined by monetary value per unit
and let h′ is the holding cost per unit. The amount produced by the MTS mode is y and the average
inventory level is y

2 in [t0, t1]. Therefore, the inventory cost is hy where h = h′
2 .

2.2.4. Penalty Cost for the Excess Emissions

At the time of t0, the amount of emissions allowances changes to z after the manufacturer makes
the trading decision of emissions allowances. Throughout the planning period, the amount of emissions
allowances consumed in the MTS production is αy, the amount of emissions allowances consumed by
stock is βy where β = β′

2 , the amount of emissions allowances consumed in the MTO production is
α(D− y)+, so the total emissions allowances consumed in the planning period is αy + α(D− y)+ + βy,
and the penalty cost for the excess emissions is π[αy + α(D− y)+ + βy− z]+, see [29], etc.

2.2.5. Penalty Cost for Delayed Delivery

At time t1, the manufacturer receives demand D and order delivery lead time l. For a given
production capacity M, the maximum amount of products that could be produced within the lead time
l is Ml, so the unsatisfied demand is [D− (y + Ml)]+ and then the penalty cost for delayed delivery is
b[D− (y + Ml)]+, see, [35], etc.
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2.2.6. Summary

The total cost is the sum of the above five case cost. We define V as the total cost, represented as:

V = µ(z− z0)
+ − ν[−(z− z0)]

+ + cy + c(D− y)+ + hy + b[D− (y + Ml)]++
π[αy + α(D− y)+ + βy− z]+.

(1)

The optimization problem is:

min V
s.t. y ∈ [0, a]

(2)

where ν < µ < π,a = min{Y, (t1 − t0)M}.

3. Optimal Policies

In the manufacturer’s cost function, i.e., Equation (1), we could consider the following situations:
1) Whether the manufacturer decides to buy or sell emissions allowances; 2) whether the products
produced in the MTS stage can satisfy the demand for orders; 3) whether the manufacturer exceeds the
emissions allowances and pays the penalty of delayed delivery. Based on these situations, we could
get the optimal policies analytically:

Theorem 1. In the planning period, the minimum cost for the manufacturer is:
(i) if D ≤ Ml, then

V =

{
µ(αD− z0) + cD 0 ≤ z0 ≤ αD
ν(αD− z0) + cD z0 > αD

(3)

(ii) if D > Ml, then

V =



µ(αD− z0) + (D−Ml)b + cD 0 ≤ z0 ≤ αD, h + βµ > b
(µβ + h− b)e + µ(αD− z0) + (D−Ml)b + cD 0 ≤ z0 ≤ αD + βe, h + βµ < b
1
β (h− b)(z0 − αD) + (D−Ml)b + cD αD < z0 ≤ βe + αD,

h + βν < b < h + βµ

ν(αD− z0) + (D−Ml)b + cD αD < z0, h + βν > b
(νβ + h− b)e + ν(αD− z0) + (D−Ml)b + cD z0 > βe + αD, h + βν < b

(4)

Theorem 1 shows that the minimum cost of a manufacturer can be achieved at various levels of
emissions allowances and in different cost boundaries. In the case of lower orders for the product,
i.e., D ≤ Ml, the minimum cost of the manufacturer is connected with the initial emissions allowances
and emissions from the production of D units. That is, if the initial emissions allowances are less than
the emissions for producing D units products, then the minimum cost is µ(αD− z0) + cD, otherwise,
they are ν(αD − z0) + cD. Moreover, if D > Ml, the manufacturer not only needs to consider the
level of initial emissions allowances, but also need to make comparison between the delayed delivery
cost for unit orders and the sum of the holding cost and the emissions allowances cost for per unit
inventory. The minimum cost under different boundary conditions can be shown by Equation (4).

The optimal production decision and emissions trading decision for manufacturer’s minimum
cost are as Theorems 2 and 3.

Theorem 2. In the planning period, manufacturer’s optimal production decisions are as follows:
(i) if D ≤ Ml, then y = 0;



Sustainability 2020, 12, 2426 6 of 16

(ii) if D > Ml, then

y =


0 0 ≤ z0 ≤ αD, h + βµ > b, or αD ≤ z0, h + βν > b
e 0 ≤ z0 ≤ βe + αD, h + βµ < b, or z0 > βe + αD, h + βν < b
z0−αD

β αD ≤ z0 ≤ βe + αD, h + βν < b < h + βµ

(5)

and e = min(a, D−Ml).

According to Theorem 2, when the demand is low, i.e., D ≤ Ml, then the manufacturer’s output
meet the orders in the period of lead time, i.e., it chooses not to produce in MTS stage and the
production strategy is pure MTO. If D > Ml, the manufacturer cannot meet the orders during the
period of lead time and need to produce products in MTS stage, then the optimal strategy is a hybrid
MTS-MTO production strategy.

If D > Ml and the sum of the MTS holding cost and the maximum emissions cost for per unit
inventory are less than the cost of delayed delivery for per unit order, the optimal production decision
has nothing to do with the initial emissions allowances, then the optimal hybrid production decision is
to produce e units products in the MTS stage. Similarly, if the sum of the MTS holding cost and the
minimum emissions cost for per unit inventory are greater than the cost of delayed delivery for per
unit order, the optimal production decision has nothing to do with the initial emissions allowances,
either. In this case the optimal production decision for MTS stage is produce 0 unit product, and the
optimal production strategy becomes the pure MTO strategy. Only when the difference between the
inventory cost for per unit product and the delayed delivery cost for per unit order is between the
minimum and the maximum emissions cost, the initial emissions allowances affect the production
mode and the optimal production decisions. In particular, if the initial emissions allowances are
less than the emissions for producing D units products, then the manufacture adopts a pure MTO
optimal production strategy; if the initial emissions allowances are greater than the sum of emissions
for keeping e units stock and producing D units production, then the manufacture adopts the optimal
hybrid MTO/MTS production strategy and produces e units products in MTS stage. Otherwise,
it adopts the optimal hybrid MTO/MTS production strategies and products z0−αD

β units products in
MTS stage.

Theorem 3. During the planning period, the optimal emissions allowances trading decisions of the manufacturer
are as follows:

(i) if D ≤ Ml, then z = αD;
(ii) if D > Ml, then

z =


αD 0 ≤ z0 ≤ αD, h + βµ > b, or αD ≤ z0, h + βν > b
βe + αD 0 ≤ z0 ≤ βe + αD, h + βµ < b, or z0 > βe + αD, h + βν < b
z0 αD ≤ z0 ≤ βe + αD, h + βν < b < h + βµ

(6)

and e = min(a, D−Ml).

According to Theorem 3, if D ≤ Ml, then the optimal emissions allowances trading decision of
the manufacturer is to keep the emissions allowances to αD. If D > Ml, then the emissions trading
decision-making factors relative to the initial emissions allowances and the inventory cost for per unit
product and the emissions for per unit inventory and delayed delivery cost for per unit order.

In fact, if D > Ml and the sum of the holding cost and the maximum emissions cost for per
unit inventory are less than the cost of delayed delivery for per unit order, the optimal emissions
allowances trading decision of the manufacturer is to maintain the emissions allowances to βe + αD.
If the sum of the MTS holding cost and the minimum emissions cost for per unit inventory are greater
than the cost of delayed delivery for per unit order, the optimal emissions allowances trading decision
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is to keep the emissions allowances to αD. Moreover, when the difference of the inventory cost for
per unit product and the delayed delivery cost for per unit order is between the minimum and the
maximum emissions cost, the trading decisions of emissions allowances are determined by the initial
emissions allowances. To be specific, if the initial emissions allowances are less than the emissions for
producing D units products, then the manufacturer buys emissions allowances up to αD; if the initial
emissions allowances are greater than the sum of emissions for keeping e units stock and producing D
units products, then the manufacturer sells emissions allowances and keeps it to βe + αD. Otherwise,
the optimal trading decisions of emissions allowances are to maintain the present emissions allowances.

From Theorems 1–3, we can get the manufacturer’ optimal production and emissions trading
decisions and minimum cost as follows:

Corollary 1. In the planning period, the emissions trading decisions and the productions decisions and the
minimum cost of the manufacturer are as follows:

(i) if D ≤ Ml, then {
0 ≤ z0 ≤ αD y = 0, z = αD, V = µ(αD− z0) + cD
z0 > αD y = 0, z = αD, V = ν(αD− z0) + cD

(7)

(ii) if D > Ml, then

0 ≤ z0 ≤ αD, h + βµ > b y = 0, z = αD,

V = µ(αD− z0) + (D−Ml)b + cD
0 ≤ z0 ≤ αD + βe, h + βµ < b y = e, z = βe + αD,

V = (µβ + h− b)e + µ(αD− z0) + (D−Ml)b + cD
αD < z0 ≤ βe + αD, h + βν < b < h + βµ y = z0−αD

β , z = z0,

V = 1
β (h− b)(z0 − αD) + (D−Ml)b + cD

αD < z0, h + βν > b y = 0, z = αD,

V = ν(αD− z0) + (D−Ml)b + cD
z0 > βe + αD, h + βν < b y = e, z = βe + αD,

V = (νβ + h− b)e + ν(αD− z0) + (D−Ml)b + cD

(8)

In summary, these results show that the manufacturer’s production strategy and emissions trading
strategy are mainly affected by the initial emissions allowances, customer demand, production capacity,
inventory capacity, emissions for per unit product, etc.

Corollary 2. In the planning period, the optimal emissions trading decisions z and the optimal productions
decisions y meet the following function: z = αD + βy.

Theorem 2 shows that the initial emissions allowance has effect on the production mode
in cases where the unit order delayed delivery cost is between the maximum and minimum
inventory cost. Moreover, Corollary 2 shows the linear relationship between the optimal production
decision and carbon trading decision. The result gives the emissions trading decision way by initial
emissions allowance.

4. Comparison between Emissions Trading and No Emissions Trading

Theorems 1–3 shows that the size of the initial emissions allowances affects optimal production
decisions and ultimately affects the total cost under different conditions. In this section, we compare
the cases of emissions trading and no emissions trading explicitly.

4.1. Production Decisions

(1) If D ≤ Ml, the manufacturer adopts the pure MTO mode of production in both cases.
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(2) If D > Ml, the optimal production decisions in the absence of emissions trading case is
determined by the size between the holding cost of per unit inventory to the delayed delivery
cost of per unit order. To be specific, when the holding cost per unit inventory are greater than
delayed delivery cost per unit order, the manufacturers adopt the pure MTO mode of production.
Otherwise, the hybrid MTO/MTS production strategy that it products e units productions in
MTS stage is the optimal production strategy. For the production decision under emissions
trading case, when the difference between the holding cost of per unit inventory and delayed
delivery cost of per unit order is less than the maximum emissions trading cost of per unit
inventory and greater than the minimum emissions trading cost of per unit inventory, the initial
emissions allowances affect the optimal production decisions. In particular, if the initial emissions
allowances are less than the emissions for producing D units products, the manufacturer adopts
the pure MTO mode; if the initial emissions allowances are great than the sum of the emissions
for e units inventory and the emissions for D units productions, the manufacturer adopts the
hybrid MTO/MTS production strategy for producing e units products in MTS stage. Otherwise,
the manufacturer takes the hybrid MTO/MTS production strategy for producing z0−αD

β units
products in MTS stage. The conclusions are shown by Table 1.

Table 1. The comparison of the manufacturer’ decisions between emissions trading and no
emissions trading.

The Case of No Emissions Trading The Case of Emissions Trading

Demand Decision-Making Conditions Decision-Making Conditions

D ≤ Ml y = 0 _ y = 0 _

D > Ml

y = 0 h ≥ b y = 0 0 ≤ z0 ≤ αD, h + βµ > b
or αD ≤ z0, h + βν > b

y = e h < b
y = e 0 ≤ z0 ≤ βe + αD, h + βµ < b

or z0 > βe + αD, h + βν < b

y = z0−αD
β

αD ≤ z0 ≤ βe + αD,
and h + βν < b < h + βµ

As shown in Table 1, in some cases, if there is no emissions trading situation, the initial emissions
allowances will not affect the production decision, that is y = 0; On the other hand, the initial emissions
allowances will affect the production decision, such as y = e when there is no emissions trading,
but y = z0−αD

β when there is emissions trading. Therefore, the government can regulate the production
of firms through the initial emissions allowances. Under the same conditions, the higher the initial
emissions allowances, the higher the inventory of firms. So the government can reduce the emission
reduction by reducing the initial emissions allowances.

4.2. Total Cost

As shown in Table 2, if D ≤ Ml, if 0 ≤ z0 ≤ αD, the initial emissions allowances are insufficient to
cover the emissions for D units products, then the minimum cost in emissions trading case are greater
than in no emissions trading case. Otherwise, if z0 > αD, the result is just the opposite.

If D > Ml, the cost difference between the two cases is equal to the emissions trading cost.
However, if αD < z0 < βe + αD , h + βν < d < h + βµ , there is no emissions allowances trading
because the optimal emissions trading decision is to keep the initial emissions allowances, and then
the minimum cost in emissions trading case are greater than those in no emissions trading case and the
difference is 1

β (h− b)(z0 − αD− βe). Interestingly, this implies that the manufacturer has to face more
cost pressure in emissions allowances trading case even if there is no emissions allowance trading.
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Table 2. The comparison of minimum cost in emissions trading and no emissions trading cases.

The Case of No Emissions Trading The Case of Emissions Trading

Demand Minimum Cost Conditions Minimum Cost Conditions

D ≤ Ml V = cD _ V = µ(αD− z0) + cD 0 ≤ z0 ≤ αD

D > Ml

V = cD + (D−Ml)b h ≥ b

V = ν(αD− z0) + cD z0 > αD

V = µ(αD− z0) + cD 0 ≤ z0 ≤ αD,
+(D−Ml)b h + βµ > b

V = ν(αD− z0) + cD αD < z0,
+(D−Ml)b h + βν > b

h < b

V = 1
β (h− b)(z0 − αD) + cD αD < z0 ≤ βe + αD,

+(D−Ml)b h + βν < b < h + βµ

V = cD + (D−Ml)b V = µ(αD + βe− z0) + cD 0 ≤ z0 ≤ βe + αD,
+(h− b)e +(D−Ml)b + (h− b)e h + βµ < b

V = ν(αD + βe− z0) + cD z0 > βe + αD,
+(D−Ml)b + (h− b)e h + βν < b

5. Numerical Studies

5.1. Impact of Demand Fluctuation

Let the cost of unit production is c = 45 CNY/unit, unit inventory cost is h = 4 CNY/unit stock,
unit inventory emissions are β = 0.5 unit/unit stock, unit production emissions are α = 0.8 unit/unit,
the manufacturers’ maximum capacity of per unit time are M = 4 unit/unit time, the largest stocks
are Y = 32 units and t1 − t0 = 10 unit time, order delivery lead time is l = 10 unit time, the initial
emissions allowances are z0 = 50 units, the price of emissions purchasing is µ = 15 CNY/unit,
the price of emissions selling is ν = 10 CNY/unit, the unit penalty cost is π = 18 CNY/unit. When
h + βν > b, let b = 8 CNY/unit, when h + βν < b < h + βµ, let b = 10 CNY/unit, when h + βµ < b,
let b = 12 CNY/unit. The effects to the production and emissions trading decisions by the demand
fluctuation as shows in Figure 2. Specifically, when D < Ml, the manufacturer does not keep
the inventory and start to produce after receiving orders, meanwhile sells z0 − αD units emissions
allowances; when D > Ml, the manufacturer adjustments their decisions basing on the size of the
delayed delivery cost, if h + βν > b, then the manufacturer does not keep the inventory and selects
pure MTO production mode and retains αD units emissions allowances; if h + βν < b < h + βµ and if
z0 > αD, the manufacturer produces min{e, z0−αD

β } units of inventory, maintains min{βe + αD, z0}
units emissions allowances, else if z0 < αD, the manufacturer should take pure MTO mode and
purchase αD− z0 units emissions allowances; if h + βµ < b, the manufacturer should maintain e units
MTS stock and βe + αD units emissions allowances.

5.2. Impact of Production Capacity

In this section, we discuss the effects of production capacity changes on production and emissions
trading decisions. Figure 3 shows that the influence depend on the size of the initial emissions
allowances and the actual consumption of emissions allowances and the delayed delivery cost. In this
section, when D = 50 units, z0 > αD, we take z0 = 50 units, otherwise, let z0 = 30 units, and the
setting of other variables except production capacity as the Section 5.1. As is shown in Figure 3,
when z0 < αD, h + βµ > b or αD ≤ z0, h + βk > b, the changes of capacity does not affect production
decisions and emissions allowances trading decisions, as shown in the first and second images in
Figure 3. When h + βµ < b, the influence of production changes on production decisions and
emissions allowances trading decisions are shown in the third and fourth images in Figure 3, with the
increase of production capacity from 0 unit/unit time to 2.5 unit/unit time, then the optimal inventory
change from 0 unit to 25 units. Moreover, with the further increase of production capacity, the optimal
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inventory of MTS stages reduce to 0 unit, the conclusion is similar to the emissions trading decision.
When z0 > αD and h + βν < b < h + βµ, firstly, with the increasing of production capacity and satisfy
z0 > βe + αD then the manufacturer increases inventory from 0 unit to 20 units (= z0−αD

β ), and then

keeps the optimal inventory to 20 units (= z0−αD
β ) regardless the increasing of production capacity

because the optimal inventory is z0−αD
β as αD < z0 < βe + αD. Lastly, as production capacity further

increase, e unit decreases and meets z0 > βe + αD, then the manufacturer’s optimal inventory is e and
it means that the manufacture reduces the optimal inventory in MTS stages from 20 units to 0 unit,
the conclusion is similar to the emissions trading decisions, as shown in the fifth image in Figure 3.
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Figure 2. Impact of demand fluctuation.

5.3. Impact of Inventory Capacity

Inventory capacity determines the quantity that demand can be met in MTS stage. So it affects
the production and emissions trading decision in a certain extent. In this section, we take D = 50 units
under the conditions D > Ml, otherwise we take D = 30 units, other variables excepting inventory
capacity are the same as Section 5.1. As can be seen from Figure 4, while D > Ml and h + βν <

b, the inventory capacity of the manufacturer has influence on production and emissions trading
decisions, and it has no effects in other cases. In this case, e units increases with the increasing of
inventory capacity, here y = e and thus the inventory increase also; when the inventory capacity is
large enough so that Y > min((t1 − t0)M, D−Ml), then Y has no direct impact on the production and
emissions allowances trading decisions.
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5.4. Impact of Lead Time

Lead time affects the production and emissions allowances trading decisions because shorter lead
time means higher delayed delivery cost when the manufacturer adopts pure MTO mode. For this
case the manufacturer tend to adopt MTS mode or hybrid MTO/MTS mode. In this section, we take
D = 50 units, other variables except lead time are the same as Section 5.1. Figure 5 shows: (1) If
h + βν > b, i.e., the sum of inventory holding cost and minimum emissions cost for per unit inventory
are larger than delayed delivery cost, the fluctuating of lead time does not affect the production and
emissions allowances trading decisions; (2) As long as lead time is long enough that is D < Ml,
the production and emissions allowances trading decisions remain unchanged and inventory is 0
unit in MTS stage and emissions allowances adjust to αD units; (3) With the decrease of lead time,
the manufacturer tends to maintain higher levels of inventory and emissions allowances until the
maximum that the manufacturer can get or need.
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Figure 5. Impact of lead time.

5.5. MTO vs. MTS vs. Hybrid MTS/MTO

For the comparative analysis of cost among pure MTO and pure MTS and hybrid MTS-MTO
modes, we assume that inventory capacity is large enough and take Y = 100 units. Moreover,
we assume that the inventory is replenished to D for pure MTS mode and the products produced
only when the order is arrived for pure MTO mode. Other variables in this section are the same as
Section 5.1. Figure 6 shows that the minimum cost is hybrid MTO/MTS mode and the maximum
cost is pure MTS mode. Comparing with the pure MTO mode and pure MTS mode, the costs of
hybrid MTO/MTS mode climb up and then decline. Specifically, when the delayed delivery cost is
less than the sum of holding cost and minimum emissions cost for per unit inventory, the total cost of
hybrid MTO/MTS and pure MTO mode are the same, and them significantly lower than the pure MTS
production (Figure 6, left). When the delayed delivery cost is larger than the sum of holding cost and
maximum emissions cost for per unit inventory, the minimum cost is the hybrid MTO/MTS mode,
and then is pure MTO mode, the maximum cost is pure MTS model (Figure 6, middle). When the
delayed delivery cost is intervenient, the conclusion is similar to the second case, the cost of hybrid
MTO/MTS and pure MTO mode are the same when the demand is large enough, it is showed by
Figure 6, right.
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6. Conclusions

In this paper, we mainly study the single product mix production decision problem with capacity
constraints and inventory constraints under the carbon trading environment. Given the initial
emissions allowances and foretasted demand, we design a hybrid MTO/MTS production system.
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In this system, the manufacturers need to consider whether making carbon trading and how many
quantities to trade. At the same time, the manufacturers need to make decision whether production by
the MTS before the order arrived, and how many to produce. We make the following contributions.

Firstly, in the existing theoretical research, few scholars have paid attention to the single product
hybrid MTS/MTO production decision problems. However, a large number of enterprises have been
practicing the feasibility of such a method in practice. So the hybrid MTS/MTO production decision
model based on single product is an effective summary of the existing enterprise production practice
and an effective promotion of the production operation management theory.

Secondly, we analyze the influence of emissions allowances on production decisions. In recent
years, the carbon trading policy has played an important role in the production process. We introduce
the initial emission allowance and carbon trading mechanism in the production decision model,
and compare the optimal production decision in carbon trading environment and carbon-free trading
environment. The results are as follows.

(i) It is not completely different to the optimal production decision under no carbon emission and
trading circumstances. In other words, the carbon emission and trade policy, under certain conditions,
do not affect the optimal production decision of the manufacturer, and thus will not affect the carbon
emission of the enterprise. In this situation, the carbon emission and trade policy do not work to the
manufacturer’s carbon emission reduction. Therefore, the government needs to adopt other forms of
carbon emission reduction and regulation policies.

(ii) Under certain conditions (see Section 5.5), the carbon emission allowances and trading
environment has an important impact on the selection of MTS, MTO and hybrid MTS/MTO
optimal production decisions. That is to say, the initial carbon emission allowances will affect the
production inventory at the MTS stage, and then will affect the manufacturer’s carbon emission.
Concretely speaking, with the increase of the initial carbon allowances, the manufacturer will
select the optimal decision to increase the inventory of the MTS phase. Therefore, in this situation,
the government can influence and regulate the optimal production decisions of enterprises by assigning
different carbon emission allowances, and finally adjust the manufacturer’s carbon emission.

Thirdly, we construct a single product hybrid production decision model based on production
capacity and inventory constraints. Our model considers the emissions cost, production cost,
inventory cost, penalty cost for excess emissions, and penalty cost for delayed delivery. The results
show that the minimum costs of hybrid MTO/MTS production always are less than the minimum cost
of pure MTS production. Only when the demand is small, or the production capacity is big, or the
lead time is long, or the delivery delay cost is low, the MTO production and the hybrid MTO/MTS
production have the same cost. Otherwise, the minimum cost of hybrid MTO/MTS production is less
than the minimum cost of pure MTO production, too.

Finally, we study the impacts of main parameters in numerical experiments. Fluctuations in
demand, capacity change and the delivery lead time have obvious influence on production and
emissions allowances trading decisions, and the influence such as inventory capacity is relatively
lower than others. When the demand is less than the output in the pried of lead time such as in smaller
demand, enough product capacity, or longer delivery lead time, the hybrid MTO/MTS production turn
into the pure MTO production, and optimal emissions allowances is equal to the emissions amounts
for producing. Otherwise, the production decision and emissions allowances trading decision are
complex. In fact, if the difference between unit order delayed delivery cost and unit inventory holding
costs are less than the unit inventory minimum emissions cost, then the hybrid MTO/MTS production
also become a pure MTO production and optimal emissions allowances are equal to the emissions
amounts for producing. If the difference between unit orders delayed delivery cost and inventory
holding cost are great than the unit inventory maximum emissions cost, the optimal hybrid MTO/MTS
production decision produces minimum quantity (i.e., e) units productions in MTS stage and the
optimal emissions allowances equal the emissions amounts for producing and keeping inventory.
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This study can lead to several future research directions. Firstly, the investigation in this paper
can be extended to multiple products. Secondly, we can consider the impact of stochastic demand.
Thirdly, this study only examines single stage decisions. It is worth studying multi-stage setting.
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Abbreviations

The following abbreviations are used in this manuscript:

Parameters
c Unit production cost
h′ Unit inventory cost
h h = h′

2
α Unit product emissions
β′ Unit inventory emissions

β β =
β′

2
M Production capacity
b Unit product delayed delivery cost
z0 Initial emissions allowances
π Unit penalty cost
l Delivery lead time
Y Inventory capacity
D Demand
µ Unit emissions allowances purchasing price
ν Unit emissions allowances selling price

Decision variables
z Emissions allowances after trading decisions
y Inventory after production decisions
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