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Abstract: 

Several methods for improving the energy efficiency of industrial plants by means of Process 
Integration have been proposed in the past 40 years. However, despite proving extremely 
effective, they are far from constituting the industrial practice in non-energy-intensive industries. 
The high amount of time required and the complexity of the problem at hand constitute barriers 
to their usage, which have rarely been addressed. 
This paper presents the application of the Energy-Saving Decomposition method in the retrofit of 
the heat exchanger network of a pulp and paper mill presented in the literature. The procedure 
aims at reducing the size of the problem before examining the possible design options, based on 
the potential energy savings achievable by integrating subsections of the existing heat exchanger 
network. In combination with traditional Process Integration methods, it proved able to reduce the 
problem complexity without jeopardizing the results of the analysis, when applied to the case 
study. Specifically, it showed that 15 process streams over the total 20 could be disregarded prior 
to the detailed analysis of retrofit options, yet providing the same insight to the analyst, leading to 
a retrofit able to achieve 33 % of energy savings and an expected investment cost lower than the 
proposal reported in the literature. This complexity reduction has the potential to lower the barriers 
now preventing the industrial application of Process Integration studies. 

Keywords: 

Energy efficiency, Energy-Saving Decomposition method, Heat exchanger network, Process 
Integration, Simplification, Retrofit. 

1. Introduction 
The climate is globally changing and the detrimental influence of our society on the experienced 

modifications is a matter of fact [1]. The European Union has recently increased its ambitions for 

mitigating the climate change, pledging to reduce its greenhouse gas emissions of 55 % compared to 

the 1990 level by 2030, ultimately achieving a net-zero-emission society by 2050 [2]. Increased 

energy efficiency is paramount for achieving the goals, especially in the industrial sector, responsible 

for 25 % of the European final energy consumption (data from 2016 [3]) and 32 % of the greenhouse 

gas emissions (data from 2019 [4]). Despite the good results of the last decade, our efforts must be 

increased, as neither the 2030 nor the 2050 objectives are expected to be met following the current 

trend of development [2,5,6]. 

Process Integration (PI) methods proved to be highly effective in analysing the energy consumption 

of existing industrial plants and suggesting possible modifications for increasing their energy 

efficiency, a situation commonly termed “retrofit”. They are characterised by a holistic point of view 

on the entire production plant or industrial cluster, seeking for beneficial synergies between its 

sections or unit operations (extensive reviews can be found in [7,8]). Reported case studies show 

possibilities for energy saving in the range 10 % - 75 % in several industrial sectors [9] establishing 

PI among the best tools for conducting energy analysis of industrial processes [10]. However, despite 

their recognised proficiency, their usage is far from constituting the industrial practice, due to the 

extensive time and costs involved in retrieving and analysing the large amount of data needed (e.g. 

temperature, pressure and flow rate). This discourages practitioners from systematically applying 

mailto:ricb@mek.dtu.dk


 

 

2 

them, especially in non-energy-intensive industries (e.g. food, pulp and paper, textile and leather 

[11]), which do not have strong economic drivers for investing in energy-saving actions. Among the 

activities required in a PI retrofit project, Detailed data acquisition and Process analysis are the most 

time consuming ones [11] and few methods have been proposed for aiding the analyst in reducing the 

time consumption in such tasks. Concerning data acquisition, Bergamini et al. [12,13] recently 

proposed a method able to identify a reduced set of data whose detailed acquisition is paramount for 

obtaining reliable results, achieving a significant reduction in the time spent for such activity. More 

methods have been proposed for speeding-up the Process analysis phase, all aiming to reduce the 

size of the retrofit problem before analysing design options. They are either based on graphical tools 

(e.g. the “Advanced composite curves” [14]), simple energetic or economic criteria (e.g. “Path 

analysis” [15] and the “Limiting match” concept [16]), or the use of different levels of detail [17]. 

However, none of them was widely accepted by the scientific community, as proven by their limited 

development after their first publication. Possible reasons for this are the absence of a “stop criterion” 

for the proposed simplification and the risk of missing energy-saving opportunities. 

A recently developed PI tool, named Energy-Saving Decomposition (ESD) method [11], tried to 

overcome such limitations. It employs a decomposition of the energy-saving potential of the plant 

identifying the contribution of its individual subsections and their interaction. The subsections with a 

negligible contribution are removed from the retrofit problem before analysing design options. A 

stop-criterion, as well as an evaluation of the economic potential of the retrofit are included in the 

method, reducing the wasted time in the subsequent Process synthesis stage of the project. This paper 

applies the ESD method on a pulp and paper mill previously analysed by Ruohonen and Athila [18], 

aiming to prove its effectiveness and ease of use. The paper is structured as follows: Section 2 presents 

the pulp and paper mill case study, Section 3 describes the method step-by-step, Section 4 highlights 

the results and compares them to the retrofit performed in the literature, Section 5 discusses benefits 

and limitations of the ESD and Section 5 summarises the conclusions. 

2. Case study 
A pulp and paper mill was adopted as a case study in this work. The plant was first presented by 

Ruohonen and Ahtila [18] who investigated possibilities for retrofitting the existing heat exchanger 

network (HEN) of the plant by employing the Advanced composite curves method [14,19]. The mill 

produced supercalendered paper and medium-weight coated paper in three paper machines and one 

coating machine. It also presented a debarking plant, four mechanical pulp lines (two ground-wood 

pulp and two pressurised ground-wood pulp), a bleaching plant, a water supply plant and a wastewater 

treatment plant. A hydropower plant and a combined heat and power plant present on site supplied 

electricity and steam. A schematic of the total system is presented in Fig. 1. Data of the relevant 

process streams for the HEN retrofit were retrieved from the original paper [18] and are displayed in 

Fig. 2. They represent the water system of the plant in winter conditions (Case 1 in [18]), disregarding 

the heat recovery in the drying section of the paper machines. The plant included a total of 20 process 

streams (6 hot streams and 14 cold streams). Streams 1-5 are filtrates in the grinderies (wood 

Fig. 1. Schematic of the main material and energy flows in the plant (Modified from [18]). 
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treatment), Stream 6 represents the total cooling needs of the three paper machines, Streams 7-9 are 

the inlet air to the paper machines after heat recovery with the exhaust air (disregarded in this 

analysis), Streams 10-14 are chemically treated process water, Stream 15 is a hot fluid used in the 

ventilation system of the grinderies and Streams 16-20 are circulating water flows employed in the 

paper machines. Utility streams were either steam (for heating) or river water (for cooling). The plant 

was equipped with a HEN consisting of 9 heat-recovery heat exchangers, 6 heaters and 4 coolers, and 

required a total of 7.1 MW of heating and 21.6 MW of cooling. 

3. Method 
The Energy-Saving Decomposition (ESD) method [11] was applied on the case study and a new 

retrofit of the HEN was proposed and compared with the results obtained by Ruohonen and Ahtila 

[18] (referred to as “the original work”). The ESD framework is summarised in Fig. 3. As the original 

work did not analyse investment cost and economic feasibility of the proposed retrofit, the second 

simplification procedure of the ESD method (Steps 7-8) was not employed and the comparison of the 
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obtained results was based only on achieved energy savings, the complexity of the required 

modifications and estimated investment cost. The following presents the basics of the energy-saving 

potential decomposition technique constituting the core of the ESD method, and details the 

application of the ESD method on the case study. A more detailed description of both the 

decomposition technique and the ESD method can be found in Bergamini et al. [11]. 

 

3.1. Decomposition of the energy-saving potential of existing plants 

The energy-saving decomposition technique presented by Bergamini et al. [11] aims at decomposing 

the total energy-saving potential of a process plant into the contributions of his subsections. The 

energy-saving potential (ξ) of a plant can be calculated as in Eq. (1).  

𝜉 = 𝐸tot − (HUmin + CUmin), (1) 

Where Etot is the total energy consumption of the plant and HUmin and CUmin are the minimum hot 

and cold utility targets calculated by means of the Problem Table Algorithm (PTA) of Pinch Analysis 

[9]. If the properties of the streams are known, and the total system is decomposed in k independent 
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subsections, ξ depends solely on the considered subsections and can be expressed as a function of 

𝑥 ∈ [0,1]𝑘. xj = 1 indicates that subsection j is a member of the evaluated network, while xj = 0 means 

that subsection j is not a member. Grounding on the general decomposition technique for multivariate 

functions presented by Kuo et al. [20], it is possible to decompose the overall energy-saving potential 

in a summation of 2k terms, where each term depends only on a group of subsections indexed by a 

particular subset of {1,…,k}: 

𝜉 = ∑ 𝜉𝒖𝒖⊆{1,…,𝑘} , (2) 

ξu represents the portion of the energy-saving potential embedded in the set of subsections u which 

could not be explained by the summation of the terms depending on all the subsets v⊂u. Using the 

notation (𝑥; 𝑐)𝒖 = (𝑥1, … , 𝑥𝑗−1, 𝑐𝑗, 𝑥𝑗+1, … , 𝑥𝑘) for 𝑗 ∉ 𝒖, the terms in Eq. (2) are obtained from: 

𝜉∅ = 𝜉((1; 0)𝒖)                               𝒖 = ∅, (3a) 

𝜉𝒊 = 𝜉((1; 0)𝒖) − 𝜉∅                      𝒖 = {𝑖}, (3b) 

𝜉𝒊𝒋 = 𝜉((1; 0)𝒖) − 𝜉𝑖 − 𝜉𝑗 − 𝜉∅   𝒖 = {𝑖, 𝑗},(3c) 

And so forth. Equation (2) can be rewritten in a more useful way by dividing both sides by the energy-

saving potential of the total plant (ξ), obtaining Eq. (4). 

1 = ∑ 𝜍𝒖𝒖⊆{1,…,𝑘} , (4) 

Where 𝜍𝒖 = 𝜉𝒖 𝜉⁄  is the Specific energy-saving potential of the set of subsections u. Although the 

decomposition provided by Eq. (4) is useful for analysing the contribution of each subsection and of 

their interaction on the overall energy-saving potential, the calculation of its 2k terms can easily result 

in an unreasonable computational time for plants composed of a high number of subsections. For this 

reason, the evaluation of the following two sets of k indices is recommended instead:  

1. First-effect energy-saving index (ςj). It expresses the portion of the energy-saving potential 

embedded in subsection j alone, hence internally recoverable in it. Attaining this energy saving 

does not generally pose operability or geographical issues, as streams in the subsection are 

already integrated into the existing HEN. 

2. Total-effect specific energy-saving index (ςTj). It expresses the total portion of the energy-saving 

potential depending on the presence of subsection j and, as such, it is the sum of all the terms of 

Eq. (4) that contain subsection j. It can be easily calculated as: 

𝜍𝑇𝑗 = 1 − 𝜍((1; 0){1,…,𝑘}\𝑗), (5) 

This set of indices can be used for Factor fixing purposes, i.e. to answer the question of which 

subsections of the plant can be removed from the retrofit problem without significantly reducing 

the potential for energy savings. It can be demonstrated that 𝜍𝑇𝑗 ≅ 0 is a necessary and sufficient 

condition for subsection j to be non-influential on the total energy-saving potential of the plant. 

3.2. Application of the ESD method 

The ESD method was applied to the case study employing Steps 1-6 of Fig. 3, as listed below: 

1. Step 1. The streams were identified and characterised according to the original work [18]. 

2. Step 2. The elementary subsections of the plant were identified. They are defined as sub-sets of 

streams of the total plant having the following properties: 

▫ They are heat-balanced parts of the original network. 

▫ They include the totality of one or multiple streams. 

▫ No one process stream is a member of multiple elementary subnetworks. 

▫ It is not possible to identify any subset of streams member of an elementary subnetwork which 

respect the previous properties. 
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Then an iterative procedure started, composed of Steps 3-6. 

3. Step 3. The Total-effect specific energy-saving index (ςT) of each elementary subsection was 

calculated as in Eq. (5), as well as its total utility consumption. The PTA was applied by assuming 

a global ∆𝑇min = 10 K as in the original work. The subsections were then sorted in ascending 

order based on two criteria: 

▫ Primary criterion: Total-effect specific energy-saving index. 

▫ Secondary criterion: Total utility consumption. 

4. Step 4. In case it was the first iteration, Step 4 was skipped and the procedure continued with 

Step 5. Else, the first subsection in the ordered list was removed from the retrofit problem. 

5. Step 5. The energy-targeting procedure of Pinch Analysis (i.e. PTA algorithm [9]) was employed 

on the streams composing the remaining problem. In addition to calculating the minimum utility 

targets and the energy-saving potential, the Average energy-saving content (σ) of the remaining 

problem was calculated. It is defined as: 

𝜎 =
𝜉%

 𝑛
, (6) 

Where n is the number of streams in the evaluated system and ξ% is the percentage energy-saving 

potential defined as: 

𝜉% =
𝜉

 𝐸tot
, (7) 

The results were recorded. If the evaluated network included multiple subsections, the procedure 

continued from Step 3, else it proceeded with Step 6. 

6. Step 6. The network with the highest potential for simplifying the Process synthesis phase of the 

project without overlooking the most relevant energy-saving options was selected among the 

evaluated ones. To this end, σ and ξ% were considered as relevant indicators. A network with 

maximum (or near-maximum) σ and not paying a too high loss in ξ% was a good candidate for 

being selected as the best, according to the above definition. 

7. Step 9. The Process synthesis phase of the project was conducted on the best network. This was 

performed by inspection, without the use of any additional method proposed in the framework 

of Process Integration, as the reduced size of the evaluated network allowed for it. The retrofit 

design was compared to the final proposal of the original work [18], based on (i) the achieved 

energy savings, (ii) the complexity of the suggested modifications, (iii) the additional UA-value 

of the heat exchangers requiring additional area, and the excess UA-value of HEX requiring less 

area. The latter indicators were calculated as the difference in UA-value, calculated as 𝑈𝐴 =
𝑄 ∆𝑇lm⁄ , between the heat exchangers in the proposed network and the ones present in the 

existing plant. Q is the heat exchanged in the HEX, while ΔTlm is its logarithmic mean 

temperature difference. 

4. Results 
After acquiring the relevant data for the streams and the HEN, the plant was divided into its 

elementary subsections, based on the existing HEN configuration (Fig. 2). According to their 

definition, the k = 12 elementary subsections displayed in Table 1 were identified. 

Table 1.  Division of the plant in its elementary subsections. 

j uj j uj j uj j uj 

1 {1,12,19} 4 {4,18} 7 {7} 10 {10} 

2 {2,11,15,17} 5 {5,20} 8 {8} 11 {13} 

3 {3,16} 6 {6} 9 {9} 12 {14} 
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Despite the high number of heat-recovery HEX, the plant does not display a high level of integration, 

as 7 subsections include only one stream and the average subsection consists of 1.7 streams. This 

shows a high potential for reducing the size of the problem. 

The first-order and total-effect specific energy-saving indices were calculated for all the subsections 

and are displayed in Fig. 4. It can be noted that all the subsections have ςj = 0, revealing that it is not 

possible to increase their internal heat recovery any further. Energy-saving actions must consider the 

integration of multiple subsections. Analysing next the Total-effect specific energy-saving indices, 

Subsections 1-9 have ςTj = 0, implying that it is possible to remove any one of them from the analysed 

problem without reducing the theoretically attainable energy savings. On the contrary, Subsections 

10-12 have ςTj > 0 and their removal would cause a loss of energy-saving potential equivalent to ςTj. 

It should be emphasized that such loss refers to the removal of only one subsection from the whole 

plant. Once a subsection is removed, the analysed system changes and the calculation must be 

repeated (the reason for employing an iterative procedure in the ESD method). 

The iterative procedure of Steps 3-5 of the ESD was performed for a total of k = 12 iterations. The 

first iteration, considering the whole plant, revealed a minimum hot and cold utility demand 

respectively equal to HUmin = 2.4 MW and CUmin = 16.9 MW, with a total energy-saving potential    

Fig. 4.  First-order and Total-effect energy-saving indices for the elementary subsections of the plant. 

Fig. 5.  Grand composite curve and Composite curves of the plant. 
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ξ = 9.4 MW (ξ% = 33 %). The Composite curves and Grand composite curve of the total system are 

displayed in Fig. 5. The successive iterations sequentially removed subsections in the following order: 

u1, u4, u5, u7, u8, u9, u6, u2, u11, u10, u12 

The results of each iteration are summarised in Fig. 6. As expected, the sequential removal of 

subsections reduces the total utility consumption (Panel (a)), the number of streams (Panel (c)) and 

the energy-saving potential (Panel (b)) of the evaluated retrofit problem. Focusing on Panel (b), it can 

be noted that the energy-saving potential of the remaining problem does not drop until iteration 9, 

while it decreases faster and faster in the subsequent ones. This is the expected result when using the 

Total-effect specific energy-saving index as the primary criterion for removing subsections from the 

problem, and it proves that this indicator achieves the wanted effect, by removing first the subsections 

that would cause the minimum drop in energy-saving potential. Finally, Panel (d) displays the 

Average energy-saving content of the remaining network, revealing a trend with a maximum as 

subsections are removed. A maximum region was spotted for Iterations 9-11, with the absolute 

maximum σ = 7.0 % achieved in Iteration 10. The evaluation of the results performed in Step 6 of the 

ESD method suggested selecting the system in Iteration 9, composed of {u3, u10, u11, u12} (Fig. 7), 

as the one to evaluate for the Process synthesis phase of the project. This grounds on the following 

considerations: 

1. σ is in the optimum region, even though it is not the absolute maximum.  

Fig. 6.  ESD Steps 3-5 results. (a) Percentage utility consumption compared to the total system, (b) 

Percentage energy-saving potential, (c) Number of streams and (d) Average energy-saving content. 
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2. The remaining system retains all the energy-saving potential of the plant, which would allow 

comparing the results with what proposed in the original work. The proposed retrofit design in 

[18] achieves the minimum utility consumption target. 

3. The selected network has achieved a significant reduction in the size of the problem, as it is 

apparent by comparing Fig. 2 and Fig. 7, including just 5 process streams out of the initial 20. A 

further reduction in size would not significantly reduce the complexity of the Process synthesis 

task, while it would reduce the possibility to attain energy savings (Panel (b)). 

The reduction in problem size allowed proposing a retrofit design by simple inspection, without the 

aid of any PI design tool and granting full control of the analyst on the design process. The proposed 

retrofit is displayed in Fig. 8. It achieves the maximum energy-saving potential ξ = 9.4 MW by 

investing in 3 new HEX and requiring an increased area for 2 existing HEX. A comparison of the 

performance of this proposed retrofit to the final proposal by Ruohonen and Ahtila [18] is displayed 

in Table 2. As it can be noted, the retrofit proposed in this work achieves the same energy savings of 

the original work but performs much better in terms of simplicity of the retrofit actions and from an 

economic point of view. It requires the same number of new HEX, modification of fewer units and 

repiping of none. Together with only 2 % more additional UA and better utilisation of the existing 

area (-25 % of excess UA) all concentrated in one HEX, instead of 6 units as in the original work, 

such retrofit probably results in less operational issues and in a potentially cheaper overall project. 

Finally, In order to prove the effectiveness of the subsections-removal criterion based on ςT, the 

average energy-saving content of the 212 = 4096 networks resulting from all the possible combinations 

of the elementary subsections was calculated. As displayed in Fig. 9, the chosen criterion was 

effectively able to identify the three networks with the highest σ, corresponding to Iterations 9-11 in 

the iterative loop of the ESD method. This proves that, despite performing a problem simplification 

based on heuristics, the ESD method did not overlook the most promising subnetworks on the case 

study. 

Table 2.  Comparison of the retrofit designs by Ruohonen and Ahtila [18] and this work. 

 Unit Ruohonen and Ahtila [18] This work Relative difference [%] 

HUtot [kW] [MW] 2.4 2.4 0 % 

CUtot [kW] [MW] 16.9 16.9 0 % 

New HEX [-] 3 3 0 % 

Modified HEX [-] 5 2 -60 % 

Removed HEX [-] 3 3 0 % 

Repiped HEX [-] 2 0 -100 % 

Additional UA  [kW/K] 325.6 331.5 +2 % 

Excess UA  [kW/K] 105.6 78.8 -25 % 

 

5. Discussion 
The results clearly show the effectiveness of the ESD method when applied to the case study. It 

achieved a significant shrinkage in the problem size, leading to a sensible reduction in the time 

required for completing the retrofit design. Moreover, it achieved an overall better retrofit than what 

proposed in the literature by considering the whole plant. Its success is ascribable to multiple factors: 

(i) the ESD bases the size reduction on a mathematically-sound function-decomposition technique 

[20]. This excludes the possibility of overlooking large energy-saving opportunities while reducing 

the problem size, contrarily to e.g. the work of Dalsgård et al. [16]. (ii) The size reduction makes use 

of “summary indicators” (i.e. ςi and ςTi) which do not pose any computational issue, as they require 

only 2k evaluations of the PTA. This counters the well-known curse of dimensionality present in 

algorithms evaluating all the possible combinations of subsections, such as Path analysis [15]. (iii) 

The ESD employs a clear stop criterion for the size reduction, by introducing the Average energy-

saving content (σ) along with the percentage energy-saving potential. σ effectively links the 
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thermodynamic performance of the network to the expected complexity of a retrofit, by quantifying 

the energy-saving potential embedded in the average stream. A high σ indicates that high energy 

savings can be achieved by only considering a reduced number of streams, probably resulting in an 

easier and faster project. 

Despite displaying the aforementioned benefits, the ESD method embeds a few limitations, leaving 

some open questions requiring further work in order to validate it. (i) Although it grounds on a solid 

mathematical decomposition, the final decision on the network to be selected is based on heuristics 

(Step 6 in the ESD) and its validity cannot be claimed a priori. Despite proving highly beneficial in 

two applications so far (this work and [11]), more applications need to be performed in order to assess 

the actual effectiveness of the method. (ii) The size-reduction algorithm considers solely 

thermodynamic and dimensional aspects while missing economic and topological considerations. 

This might result in missed cost-effective solutions and more work is necessary to assess the actual 

extent of this threat. (iii) The method reduces the time consumption in the Process analysis stage 

only. In order to significantly speed-up the whole retrofit project, it should be aided by tools able to 

quicken the data acquisition stage, such as the Required Data Reduction Analysis [12,13]. An overall 

framework will be proposed in future work. 

6. Conclusion 
The Energy-Saving Decomposition method was applied to the HEX retrofit of a pulp and paper mill 

and the results were compared to a retrofit proposed in the literature. The ESD proved to be effectively 

able to reduce the size of the problem while not missing the most important energy-saving 

opportunities. More specifically: (i) it identified a subnetwork composed of only 5 of the total 20 

process streams of the plant. (ii) the size reduction allowed a fast retrofit design performed by 

inspection. (iii) the final retrofit achieved the maximum energy-saving potential while requiring 

simpler and probably cheaper modifications than what proposed in the literature by considering the 

whole plant. All in all, the results suggests that the ESD can effectively speed-up the analysis stage 

of Process Integration retrofit projects, lowering a major barrier hindering the systematic utilisation 

of PI tools in the process industry, especially in non-energy-intensive sectors. 
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Fig. 9.  Average energy-saving content for all the combinations of subsections. 
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