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a b s t r a c t

Multivariatestatistical process control (MSPC) basedonprincipal componentanalysis (PCA) and

partial least squares (PLS) regression was simulated, based on industrial data collected over

a two-year period within a plant producing wood pellets as biofuel. The data used in the simu-

lations consisted of values of five variables of analysed intermediate products (sawdust and

powder) and end products (pellets), acquired during processes with seven on-line settings of

controls.

PCA global modelling revealed an overlap in the data between years and detected three

different pellet types. Correlations within the dataset indicated there was a time lag of up to

14h.Therefore, PLSpredictionofcurrentproductvalueswasbasedonobservationscontaining

thecurrentprocesssettingsandall variablevalueswithinapreceding18htime interval.Global

models showed that predictions of the dryness of sawdust, milled sawdust and pellets had

good accuracy,whereas predictions of pellet bulk density andmechanical durabilitywere less

accurate. Dynamic and local PLS modelling showed that more accurate predictions of pellet

dryness were obtained if all previous observations were included in the calibration set rather

than observations in calibration windows of the 10 or 100 preceding observations.

The results illustrate the possibilities to implement MSPC in the wood pellet industry,

potentiallyhandlinghugeamountsofdata.Todevelopandimplement thenextphaseofprocess

controlmore parametersmust be included in theMSPCmodels, e.g. data acquiredusing on-line

instruments to continuously collect information on variations in the stream of material.

ª 2012 Elsevier Ltd. All rights reserved.

1. Introduction

A major objective for industrial activities in which biomate-

rials of varying quality are processed is to reduce the vari-

ability of the final products, using appropriate control

systems, and thus ensure that they meet desired quality

criteria. For this purpose, trend curves based on process

parameters are of great potential value, and the vast majority

of industrial plants use traditional statistical process control

(SPC) [1] to continuously monitor process streams and adjust

process settings accordingly. SPC is designed to maintain

process quantities and quality by using statistical methods

based on univariate process data [1,2]. The underlying goals

are to maintain steady states (within statistically acceptable

limits) and to detect faults at early stages.

SPC becomes more complex when more monitoring vari-

ables are added to control smaller variations in the process,

potentially leading to information overload for the process

operators. Multivariate statistical process control (MSPC) [3,4]

can overcome this problem. In MSPC multivariate data
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analysis techniques are used to compress the number of vari-

ables into a few components and to present the observations in

a few plots with confidence regions. This provides possibilities

to include large numbers of variables in the supervision system

and stillmaintaina global overviewofhugeprocessdatasets [5].

Many factories that could be regarded as kinds of bio-

refineries using materials and other resources (e.g. energy

inputs) supplied by other plants within industrial bio-

combines, and thus have to adapt flexibly to meet changes in

the outputs (or product requirements) of other closely linked

plants. Interesting cases of such production systems are

plants in the wood pellet industry, which produce a wood

composite as a standardized biofuel [6] by pressing driedwood

powder (e.g. milled sawdust) into pellets. In addition to supply

and demand fluctuations, such plants are heavily influenced

by variations in the quality of the rawmaterial and sometimes

dependent on surplus heat supplied by neighbouring plants.

The aims of this study were: to simulate MSPC, using prin-

cipal component analysis and partial least squares regression,

based on wood pellet production process data; to characterize

variations in themonitoredvariables over time; to predict pellet

dryness (which reflects the energy content of the biofuel

produced);and,finally, todetermine thepotential ofusingMSPC

for monitoring and predictions in the wood pellet industry.

2. Experimental

The wood pellet production process started with sawdust that

was dried byheated gases (Fig. 1). The dried sawdustwasmilled

into wood powder and pellets were formed from the powder in

pellet presses. After cooling the pelletswere stored and shipped

tothecustomerandusedasbiofuel.Dataon12availableprocess

parameters used in this study were collected every 2nd hour for

two consecutive years with interruptions for malfunctions and

yearly service and maintenance in summer time. The actual

pellet plantwas situated in Luleå, Sweden (65�350N, 22�100E) and
was designed to produce 105,000 tons of wood pellets (8 mm in

diameter) per year. This plant used surplus heat from an adja-

centplant. The sawdust feedstock came fromregional sawmills

mainly sowing logs of Scots pine (Pinus sylvestris L.) and smaller

quantities (<10%) of Norway spruce (Picea abies Karst. (L.)).

During the studied two-yearperiodexperiments toproduce fuel

pellets from Sphagnum ssp. peat were done.

2.1. Sensors

The following on-line parameters were recorded when

samples of dried sawdust, wood powder and pellets were

collected:

- plug flow, the input of raw material used in the process

(here: 1 Hz z 1 Mg h�1 sawdust);

- gas flow, the volume of heated gas entering the plant

(m3 h�1);

- MWh, the energy content (MWh) in the drying gas;

- CBdry, the temperature of drying gas entering the dryer (�C);
- CAdry, the temperature of the gas leaving the dryer (�C);
- press, the number of pellet presses in use;

- Ccool, the temperature of air leaving the pellet cooler (�C).

2.2. Analyses

The following off-line parameters were analysed:

- sawdust, the dry substance content (%, based on wet

weight) of the sawdust;

- powder, the dry substance content (%) of the milled

(<3.5 mm) sawdust (wood powder);

- pellet, the dry substance content (%) of the pellets;

- pelletvw, the weight of 1 L of the pellets (g L�1);

- fines, the percentage (%) of fines in the pellet fraction,

defined as the percentage, by weight, of the material that

passed through a 2 mm sieve when tumbling pellets in

a Borregaard LTII apparatus [7] for 30 s.

The dry substance contents of dried sawdust particles

(<4 mm wide), powder (dried and milled sawdust) and pellets

were determined by analysing subsamples of c. 5 g using

amoisture analyser [8] equippedwithan infrareddryingdevice.

2.3. Data analysis

Models based on time series of data can be constructed with

various time scales using multivariate techniques, such as

principal component analysis (PCA) [9] or partial least squares

(PLS) regression [10]. This can be very useful for exploring

phenomena such as memory effects or between-batch varia-

tions, after sectioning the data into appropriate timeblocks [11].

Multivariate models for the MSPC simulations constructed

in this study were based on a mathematical matrix consisting

of on-line and off-line data for the 12 variables as columns and

6055 observations ordered in time as rows. Further, time

blocks were constructed by adding n � 12 columns to each

observation with variable data from n preceding observations.

Pellet dryness was then predicted, as a reference variable, by

dynamic PLS modelling using different calibration windows,

constituting the calibration sets tomodel pellet dryness and to

predict the next value of this property. Two fixed sizes of 10

(C10) or 100 (C100) preceding observations (rows) together

with current on-line settings were used asmovingwindows to

obtain calibration sets in order to predict the next (current)

value of pellet dryness. The model, named CACC, was based

on a window that accumulated one observation as the

successive prediction continued.

Global PLS modelling of the same time blocks was used to

predict not only pellet dryness, but also properties of inter-

mediate products and pellet quality. The three local models

C10, C100 and CACC were compared to the global model for

pellet dryness.

Fig. 1 e Simplified diagram of the studied wood pellet

production process.
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