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                    Abstract
The typical textbook production theory for a single production unit, assuming substitution possibilities both ex ante and ex post between all factors of production, may not be so well suited for understanding structural change within industries characterised by embodied technical change and a significant presence of capital equipment that represents sunk cost. In the literature an industry function is often based on just aggregating micro-level data to the industry level, or scaling up an average production function, using at times quite sophisticated econometric techniques to estimate a parametric production function. However, entry and exit of plants, and embodied technological change at the micro or plant level drive the dynamics. The requirement of plant level data has severely restricted the use of the approach. However, the paper shows that such production function concepts can be applied to coal-fired electricity generation aggregated to the Chinese province level and still get valuable structural information for policy analysis. Development in total variable factor productivity (TVFP) and bias of technical change are estimated and illuminated using figures for isoquant maps, capacity regions in input coefficient space and average- and marginal cost functions for the provinces in China.
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                    Notes
	The empirical studies extended with further explanation of the modelling approach are also found in Førsund and Hjalmarsson (1987).


	It is shown in Førsund and Hjalmarsson (1987) in detail that the isoquant may be constructed geometrically, see also the Appendix.


	Hildenbrand (1981) extends the isoquants to the uneconomic region, in contrast to the approach favoured by Farrell (1957, pp. 255–256), arguing that isoquants should have negative slopes.


	Using the base period prices the productivity index will be of the Laspeyres type.


	Salter (1960) called this measure a measure of technical advance and illustrated it in the input coefficient space underlining technical change as the driver. Salter used labour and capital as inputs, and studied “best practice productivity movements” (Chapter III) using ex ante functions in our terminology.


	These results can also be expresses by input coefficients because the isoquant values are the same for pair of years.


	The capacity region shown in Panel (b) represents the substitution region with isoquants for year 2000 and this substitution region should not be confused with the substitution region in Fig. 3 for the year 2014.


	Quality has been checked and electricity output has been adjusted collecting new information. However, there may be potential problems with labour data whether only labour working at coal-fired plants is recorded or labour employed at other types of plants is also included.


	Isocline is Frisch (1965) concept defined as a curve in input space with a constant ratio between the marginal productivity of the two factors


	The column label “TYPE” refers to another option about e.g. identifying type of technology (Førsund and Hjalmarsson 1983).
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Appendix
Appendix

                  Calculation of isoquants
                
The isoquant level is set at 2800 TWh. The units in the second column “UNIT IN”Footnote 10 are entered starting with the unit Beijing having the smallest value of the coal coefficient and entering the other units following increasing value of this coefficient. The numbering of the units follow the order in which provinces are entered in Table 1, Section 4. In order to draw the upper border (arbitrary choice) the units are renumbered starting with the most coal-efficient unit as no. 1 (Beijing) and then continuing with increasing values. The output at the upper border is reached utilising the capacity of Henan with the share 0.402. This point is marked in the last column “COMMENT” in Table A1 as “ISOQUANT START”. To find the first line segment of the isoquant given no 1 in the first column termed “LINE NO”, the key variable to compute is the slope of an isoquant segment having the steepest slope of all combinations with the unit Henan on the upper border with the required isoquant value and satisfying the convexity requirement. We see in column “SLOPE” that units Henan and Sichuan yield the steepest negative slope of the first isoquant segment. The slope is −1655.158 and the segment almost vertical.
The general equation for calculating the slopes is:
$$S_{kl} = \frac{{\xi _{2k} - \xi _{2l}}}{{\xi _{1k} - \xi _{1l}}},\,\,k = 1,...,R - 1,\,\,l = k + 1,...,R$$

                    (A1)
                

For each unit k all possible slopes with units l = k + 1, …, R are calculated. The slopes satisfying the requirements above are typically negative (special cases of infinity and zero are dealt with).
Figure A1 is an illustration of the slope between unit k and unit l. Each corner point identified, such as k and l, lies on a border of a parallelogram as seen in Fig. 2, Section 3. The arrow in Fig. 2 (not in the original figure) points to an isoquant with three line segments. This isoquant satisfy convexity. The possible slopes of the first isoquant segment are S12, S13, and S23. We have in Fig. 2 that unit no 2 is on the isoquant starting point, and that the capacity of the unit is exhausted at the second corner point. The unit with increasing amount of input 1 is unit 1, i.e. slope S12 has the maximal (absolute) value. The second segment is a combination of unit 1 and 3 with the capacity of unit 1 exhausted, i.e. the second largest absolute value of the slope is S13. The last segment is a combination of unit 2 and 3 with the capacity of unit 2 exhausted at the lower border, i.e. S23 is the smallest (absolute) slope.
The slopes can be collected in a triangular matrix, the slope matrix: Going back to Isoquant 14 in Table A1 for the Chinese provinces, we have that at the first isoquant line, segment No. 1 in the first column “LINE NO”, Henan is increasing its inputs to the share 0.625 and Sichuan decreasing its inputs from full capacity utilisation at the starting point to zero, defining the endpoint of isoquant no 1. The two increments in coal (CO) and labour (L) are given in column “INCREMENTS IN CO L”. The “SLOPE” column (in absolute values) gives 1655.158 as the almost vertical slope from the isoquant start to the end-point of isoquant No. 1. The next two columns after the SLOPE column “COORDINATE VALUES SUM CO SUM L” giving the absolute values of the two inputs at isoquant corners. There are 17 linear segments of the isoquant for the output of 2800 TWh. The “ISOQUANT END”- point on the lower boundary consists of Inner Mongolia with full capacity utilisation and Guangdong with a capacity utilisation of 0.347 (Fig. A1 and Table A2).

                  Fig. A1[image: figure 8]
An isoquant segment between unit k and l.
Source: Førsund and Hjalmarsson (1987, p.158)


Full size image


                
                  Table A1 Calculation of isoquantsFull size table


                  Table A2 The slope matrixFull size table
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